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ABSTRACT
This study of the order-disorder phase transition 
and the electronic spectroscopy of acenaphthylene in the 
solid state provides a basis for understanding the 
photodimerisation of acenaphthylene, which unlike the 
9-substituted anthracenes, forms both cis- and trans- 
isome r s .
The approach to the order-di sord e r problem is 
two-fold. Calculations of energy barriers by the semi- 
empiricial atom-atom method of Kitaigorodskii demon­
strate that molecular reorientation about the axis 
normal to the plane is a feasible mechanism for the 
disorder process. They also suggest that, at least in 
the initial stages, the process is cooperative: 
reorientational motions of one crystallographic species 
liberate similar motions of other species. Analysis 
of the intermolecular forces in the disordered phase 
suggests that intralayer interactions primarily de­
termine the equilibrium structure. Experimental con­
firmation of the disorder mechanism comes from a wideline 
nuclear magnetic resonance investigation of the solid.
The electronic spectra of acenaphthylene in single 
crystals and in mixed crystals of acenaphthene have 
been measured. Data from the pure crystal spectrum 
are meagre as the bands are broad and the spectrum 
corresponding to the third polarisation direction could 
not be obtained. The mixed crystal spectrum provides 
the most detailed understanding to date of the lowest 
excited state of acenaphthylene. In addition, a novel
(vii)
type of impurity spectrum which arises from guest 
molecules occupying crystallographically inequivalent 
sites in the host lattice (acenaphthene) is identified. 
Theoretical calculations show that the change in 
electrostatic (dipole-dipole) interaction upon excitation 
makes a significant contribution to the site splitting 
(108 cm S  . A full discussion of the occurrence of
multiple sites in mixed crystals is given.
(viii)
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C HA P T E R  1
I N T R O D U C T I O N
A c o m p l e t e  u n d e r s t a n d i n g  o f  t h e  s p e c t r o s c o p i c  
p r o p e r t i e s  ( i n t e r p r e t e d  i n  t h e  w i d e s t  s e n s e )  o f  a s y s t e m  
demands  d e t a i l e d  s t u d y  o f  t h e  p r o  ce s  s e s  o f  p h o t o n  
a b s o r p t i o n  and e m i s s i o n 3 e l e c t r o n i c  r e l a x a t i o n  and  
p h o t o c h e m i c a l  r e a c t i o n .  T r a d i t i o n a l l y 3 r a d i a t i v e  p r o ­
c e s s e s  h a v e  d o m i n a t e d  t h e  t h i n k i n g  o f  e x p e r i m e n t a l i s t s  
and t h e o r e t i c i a n s  a l i k e  and i t  i s  o n l y  o v e r  t h e  p a s t  
d e c a d e  t h a t  a t t e n t i o n  has  b e e n  p a i d  t o  t h e  n o n - r a d i a t i v e  
p r o c e s s e s  i n  s y s t e m s  o f  c h e m i c a l  i n t e r e s t .  Mayor  f o c u s  
has  b e e n  on s o l i d  s t a t e  s y s t e m s  w h i c h  o f f e r  c o n s i d e r a b l e  
a d v a n t a g e s  t o  t h e  e x p e r i m e n t a l i s t  as f a r  as w e a l t h  o f  
d e t a i l  a v a i l a b l e  f r o m  s p e c t r o s c o p i c  i n v e s t i g a t i o n s  a t  low 
t e m p e r a t u r e s  and  t h e  c o m p l e t e  d e f i n i t i o n  o f  m o l e c u l a r  
o r i e n t a t i o n  are  c o n c e r n e d .  For  t h e s e  r e a s o n s 3 t h e  
a r o m a t i c  h y d r o c a r b o n s  are  among t h e  m o s t  t h o r o u g h l y  
s t u d i e d  m o l e c u l a r  c r y s t a l s .  We s h a l l  b r i e f l y  d i s c u s s  
p e r t i n e n t  r e s u l t s  f o r  t h e s e  c r y s t a l s 3 w h i c h  l e a d s  t o  t h e
2 .
r a i s o n  d ' e t r e  f o r  t he  p r e s e n t  s t u d y  o f  t h e  a c e n a p h t h y l e n e  
c r y s t a l .
1 ' 1 THE SPECTROSCOPY AND P H OT O P I  ME RI  S AT I  ON OF AROMATIC 
MOLECULAR CRYSTALS
T h e  f u n d a m e n t a l s  o f  e l e c t r o n i c  e x c i t a t i o n  i n  
m o l e c u l a r  c r y s t a l s  a r e  n o w  w e l l  u n d e r s t o o d  a n d  h a v e  b e e n  
d i s c u s s e d  f u l l y  b y  D a v y d o v  ( 1 9 6 4 )  a n d  C r a i g  a n d  W a l m s l e y  
( 1 9 6 8 ) .  T h e  b a s i c  c o n c e p t  i s  t h a t  t h e  l o w e r  e x c i t e d  
s t a t e s  o f  m o l e c u l a r  c r y s t a l s  c a n  b e  d e s c r i b e d  i n  t e r m s  
o f  d e l o c a l i s e d  e x c i t a t i o n s  ( e x c i t o n s )  w h i c h  ma y  m o v e  
t h r o u g h  t h e  c r y s t a l .  F o r  a  p e r f e c t  c r y s t a l ,  e l e c t r o n i c  
r e l a x a t i o n  t o  e i t h e r  t h e  g r o u n d  s t a t e  o r  l o w e s t  t r i p l e t  
s t a t e  o r  r a d i a t i v e  d e c a y  ( f l u o r e s c e n c e  o r  p h o s p h o r e s c e n c e )  
t a k e s  p l a c e  f r o m  t h e  l o w e s t  e x c i t o n  s t a t e .  C r y s t a l s ,  
h o w e v e r ,  a r e  n o t  p e r f e c t  a n d  p u r e  e x c i t o n  e m i s s i o n  ma y  
n o t  b e  t h e  o n l y  r a d i a t i v e  p r o c e s s .  H e l f r i c h  a n d  L i p s e t t  
( 1 9 6 5 ) ,  f o r  e x a m p l e ,  h a v e  d e m o n s t r a t e d  t h e  e x i s t e n c e  o f  
f l u o r e s c e n c e  i n  a n t h r a c e n e  c r y s t a l s  f r o m  d e f e c t s  w h i c h  
a r i s e  f r o m  p h y s i c a l  d i s o r d e r i n g  o f  t h e  l a t t i c e .
S i m i l a r l y  c h e m i c a l  i m p u r i t i e s  w i t h  l o w e r  e x c i t a t i o n  
e n e r g i e s  t h a n  t h e  h o s t  m o l e c u l e s  t r a p  e x c i t a t i o n  a n d  e m i t  
i t  a t  t h e  e x p e n s e  o f  p u r e  c r y s t a l  e m i s s i o n .  T r a p p i n g  o f  
t h e  a b s o r b e d  l i g h t  r e q u i r e s  e f f i c i e n t  t r a n s f e r  o f  t h e  
e x c i t a t i o n  f r o m  r e g i o n s  o f  p e r f e c t l y  o r d e r e d  c r y s t a l  t o  
t h e  t r a p s  w h i c h  m u s t  b e  p r e s e n t  i n  s u f f i c i e n t  n u m b e r s .
P h o t o c h e m i c a l  r e a c t i o n s  i n  m o l e c u l a r  c r y s t a l s  a r e  
a f f e c t e d  g r e a t l y  b y  t h e  d e t a i l s  o f  c r y s t a l  s t r u c t u r e  a n d  
l a t t i c e  d e f e c t s  e s p e c i a l l y  w h e n  m o r e  t h a n  o n e  r e a c t a n t  
s p e c i e s  i s  i n v o l v e d .  We a r e  p a r t i c u l a r l y  i n t e r e s t e d  i n  
p h o t o d i m e r i s a t i o n  r e a c t i o n s  o f  w h i c h  s u i t a b l e  i l l u s t r a t i o n s
3 .
a r e  a n t h r a c e n e  a n d  i t s  9 - s u b s t i t u t e d  d e r i v a t i v e s  a n d  
a c e n a p h t h y l e n e  ( f i g u r e  1 . 1 ) .  S o l i d  s t a t e  p h o t o d i m e r i s -  
a t i o n s  f a l l  i n t o  t h r e e  d i s t i n c t  t y p e s  ( C o h e n ,  1 9 6 9 )  :
( 1)  T h e  c o n t r o l l i n g  f a c t o r  o f  t h e  r e a c t i o n  i s  t h e
p e r f e c t  r e g u l a r i t y  o f  t h e  c r y s t a l  l a t t i c e :  t h i s  i s  t h e
t o p o c h e m i c a l  p r e f o r m a t i o n  t h e o r y  o f  S c h m i d t  ( 1 9 6 5 )  . 
R e a c t i o n  o c c u r s  b e t w e e n  n e a r e s t  n e i g h b o u r  m o l e c u l e s  f o r  
w h i c h  t h e  r e a c t i v e  c e n t r e s  a r e  w i t h i n  t h e  c r i t i c a l  
d i s t a n c e  ( a p p r o x i m a t e l y  4&) o f  o n e  a n o t h e r  a n d  t h e  
s t r u c t u r e  o f  t h e  p r o d u c t  i s  t h e  o n e  w h i c h  i s  m o s t  n e a r l y  
p r e f o r m e d  i n  t h e  c r y s t a l .  T h u s  9 - C H ^ -  a n d  9 - H ^ N C O a n t h r a -  
c e n e s  r e a c t  r a p i d l y  a t  r o o m t e m p e r a t u r e  t o  g i v e  t h e  
t r a n s - d i m e r s  ( C o h e n ,  1 9 6 9 )  i n  t h e  r e s p e c t i v e  s o l i d s ,  
w h i c h  s h o w  e x c i m e r  e m i s s i o n  f r o m  7 7 ° K t o  n e a r  t h e i r  
m e l t i n g  p o i n t s .
( 2)  E v e n  t h o u g h  t h e  r e a c t i v e  c e n t r e s  o f  n e i g h b o u r i n g  
m o l e c u l e s  a r e  w i t h i n  t h e  c r i t i c a l  d i s t a n c e ,  t h e  p r o d u c t
o f  p h o t o c h e m i c a l  r e a c t i o n  i s  n o t  t h a t  e x p e c t e d  f r o m  t o p o ­
c h e m i c a l  p r e f o r m a t i o n  t h e o r y .  A n t h r a c e n e  d e r i v a t i v e s  
i n  t h i s  c a t e g o r y  s h o w  e x c i m e r  e m i s s i o n  b u t  s o m e  d o  n o t  
d i m e r i s e  a t  a l l  ( 9 - C 0 0 H ,  9 - B r )  w h e r e a s  o t h e r s  ( 9 - C N ,
9 - C 1 )  r e a c t  t o  f o r m  t h e  t r a n s - p r o d u c t  i n  c o n t r a s t  t o  t h e  
c i s - d i m e r  a s  e x p e c t e d  ( C r a i g  a n d  S a r t i - F a n t o n i , 1 9 6 6 ) .
F u r t h e r m o r e ,  t h e  r e a c t i o n s  a p p e a r  t o  o c c u r  a t  p o i n t s  o f  
c r y s t a l  i m p e r f e c t i o n  s u c h  a s  d i s l o c a t i o n s  f o r  w h i c h ,  i n  
t h e  c a s e  o f  9 - C N a n t h r a c e n e , t h e r e  i s  a t r a n s  r e g i s t r y  
o f  m o n o m e r  u n i t s  ( C o h e n ,  L u d m e r ,  T h o ma s  a n d  W i l l i a m s ,
1 9 7 1 ) .  I t  s h o u l d  b e  n o t e d  t h a t  o n l y  t h e  t r a n s - d i m e r  
f o r m s  i n  s o l u t i o n  p r e s u m a b l y  a s  a r e s u l t  o f  s t e n c  r e ­
p u l s i o n  o f  t h e  CN-  g r o u p s  f o r  t h e  c i s - d i m e r .
4 .
CN
9- CNanthracene
acenaphthylene
trans-dimer
cis-dimer
FIGURE M. Typical photodimerisation reactions 
of aromatic hydrocarbons.
5 .
(3) Crystals having weakly overlapped molecules show 
a structured emission and either do not dimerise , or do 
so extremely slowly (anthracene and 9-CH ^ Oanthracene) . 
Anthracene is an example of a crystal in which reaction 
occurs, albeit slowly, despite there being no contacts 
less than öR between potentially reactive sites. It has 
been shown that in this substance the dimer phase 
separates at dislocations (Thomas and Williams, 1967) .
Photochemical reaction in these crystals gives rise 
to changes in the fluorescence spectrum with time. At 
room temperature, anthracene crystals under strong 
irradiation are rapidly aged; the total fluorescence 
emission falls in intensity and becomes unpolarised. It 
has been suggested (Craig and Sarti-Fantoni , 1966) that
the progressive change in the character of the fluorescence 
emission from anthracene is the result of disordering in 
the neighbourhood of the photochemically produced dimers.
1 •2 SPECTROSCOPIC AND PHOTOCHEMICAL STUDIES OF 
ACENAPHTHYLENE
The photodimerisation of acenaphthylene which was 
first reported by Dziewonski and Rapalski (1912, 1913,
1914) is depicted in figure 1.1. Both cis- and trans­
isomers are formed in contrast to the 9-substituted
anthracenes. In the solid, only the trans-dimer is
oformed (in low yield) below 40 C. Above this temperature 
cis-dimensat ion begins and becomes the dominant product 
above 60°C. This behaviour and the presence of disorder 
in the pure crystal provide good reason for further in­
vestigation of the acenaphthylene crystal, especially in 
view of the known facts of photodimerisation in crystals
of aromatic hydrocarbons.
Studies of this reaction in solution lead to a 
mechanism in which it is proposed that the trans-dimer 
is formed exclusively from trip1et-excited acenaphthylene 
and singlet excimer formation precedes cis-dimerisation 
(Cowan and Drisko, 1970) . Spectroscopic studies of either 
monomer or dimers are few. The theoretical study of the 
excited singlet states of acenaphthylene by Heilbronner 
e t al. ( 1966) have recently been supported by experimental 
investigations of absorption in the vapour phase, in 
mixed crystals and in the pure crystal (Bree e_t a_l . , 1969a;
Gordon and Yang, 1970). Similar studies of the triplet 
state are non-existent. Investigations have been made 
of the intramolecular interactions in the dimers (Chu and 
Kearns, 1970) and the mechanism of photodecomposition of 
the dimers (Mataga e t al . , 1969) .
The thesis of Welbury ( 1970) is the only thorough 
crystallographic study of the acenaphthylene crystal 
which is shown to be disordered at room temperatures.
At about 130°K it undergoes a reversible transformation 
to an ordered form, the structure of which has been de­
termined. The nature of the disordered phase remains, 
however, a matter of conjecture. The structure of the 
cis-dimer has been determined (Welbury, 1970) but the 
trans-dimer has only been examined briefly (Dunitz and 
Weissman, 1949).
1 •1 *3 PLAN OF THE THESIS
We have concentrated on two problems, namely, the 
mechanism of the order-disorder transition and the nature
6 .
of the disordered phase, and the electronic spectroscopy
of solid acenaphthylene. This provides a basis for a
7 .
fuller understanding of the photodimeris at ion of the 
solid. We begin, in Chapter 2, with a discussion of the 
concept of disorder and its ramifications for various ex­
perimental studies. The details of thermodynamic and 
crystallographic studies of acenaphthylene are then pre­
sented. The role of intermo1ecu1ar forces in the order- 
disorder transition is investigated by semi-empirica1 
methods in Chapter 3 and the following chapter presents 
a nuclear magnetic resonance study of the dynamics of the 
disorder. We then turn to the second area of study - the 
electronic spectroscopy of acenaphthylene. The analysis 
of the absorption and fluorescence spectra in acenaphthene 
host (Chapter 5) leads to the recognition of a novel type 
of impurity spectrum, of which a brief report has been 
published (Bray and Craig, 1972), and is followed by 
theoretical calculations of the site splittings. A 
survey of observed site effects places this work in more 
general context. Chapter 6 contains a study of the 
electronic spectroscopy of the pure crystal.
The main conclusions of the work presented in this thesis 
are then summarised (Chapter 7).
C H A P T E R  2
T H E R M O D Y N A M I C  AND C R Y S T A L L O G R A P H I C  
I N V E S T I G A T I O N S  OF 0 R D E R - D I S O R D E R  
I N  THE A C E N A P H T H Y L E N E  C R Y S T A L
The t heme  o f  t h e  n e x t  t h r e e  c h a p t e r s  i s  t h e  o r d e r -  
d i s o r d e r  t r a n s i t i o n  i n  s o l i d  a c e n a p h t h y l e n e  3 b e g i n n i n g  
w i t h  an a n a l y s i s  o f  t h e  c o n c e p t  o f  d i s o  r d e r  a n d  t h e  
d e s c r i p t i o n  o f  a m od e l  o f  o r i e n t a t i o n a l  f r e e d o m  o f  
m o l e c u l e s  i n  c r y s t a l s .  T h i s  i s  r e l a t e d  t o  m a c r o s c o p i c  
o b s e r v a t i o n s  o f  t h e r m o d y n a m i c  p r o p e r t i e s  and  m i c r o ­
s c o p i c  o b s e r v a t i o n s  o f  c r y s t a l  s t r u c t u r e  and  m o l e c u l a r  
d y n a m i c s .  A d e t a i l e d  d e s c r i p t i o n  o f  t h e  a c e n a p h t h y l e n e  
c r y s t a l  s t r u c t u r e  i s  f o l l o w e d 3 i n  s u b s e q u e n t  c h a p t e r s  3 
by a d i s  c u s s i o n  o f  i n t e r m o l e c u l a r  f o r c e s  and  t r a n s i t i o n
m e c h a n i s m .
2 . 1 A DEFI NI TI ON OF ORDER AND DI SORDER IN CRYSTALS
9 .
An e x c e l l e n t  s t a t e m e n t  o f  t h e  t h i r d  l a w  o f  t h e r m o ­
d y n a m i c s  i s  t h a t  o f  L e w i s  a n d  R a n d a l l  ( 192 3) :
" I f  t h e  e n t r o p y  o f  e a c h  e l e m e n t  i n  s o me  
c r y s t a l l i n e  s t a t e  b e  t a k e n  a s  z e r o  a t  t h e  
a b s o l u t e  z e r o  o f  t e m p e r a t u r e ,  e v e r y  s u b s t a n c e  
h a s  a f i n i t e  p o s i t i v e  e n t r o p y ;  b u t  a t  t h e  
a b s o l u t e  z e r o  o f  t e m p e r a t u r e  t h e  e n t r o p y  may 
b e c o m e  z e r o  a n d  d o e s  s o  b e c o m e  i n  t h e  c a s e  o f  
a p e r f e c t l y  c r y s t a l l i n e  s u b s t a n c e . "
A q u a l i t a t i v e  r e f e r e n c e  t o  s t a t i s t i c a l  t h e r m o d y n a m i c s  
g i v e s  i n s i g h t  i n t o  t h e  u n d e r l y i n g  m i c r o s c o p i c  s i g n i f i c ­
a n c e  o f  t h i s  l a w  ( W e s t r u m  a n d  M c C u l l o u g h ,  1 9 6 3  ;
D e n b i g h ,  1 9 6 6 ) .  F o r  a g i v e n  t h e r m o d y n a m i c  ( m a c r o s c o p i c )  
s t a t e  t h e r e  a r e  g e n e r a l l y  ma ny  m i c r o s t a t e s  ( o r  q u a n t u m  
s t a t e s )  o f  t h e  s y s t e m .  C o n t i n u o u s  t r a n s i t i o n s  a mo n g  
t h e s e  m i c r o s t a t e s  o c c u r  d u r i n g  t h e  c o u r s e  o f  a s i n g l e  
m a c r o s c o p i c  o b s e r v a t i o n .  T h e  e n t r o p y ,  S o f  t h i s  m a c r o ­
s t a t e  i s  r e l a t e d  t o  t h e  n u m b e r  o f  a c c e s s i b l e  m i c r o s t a t e s ,  
ft o f  t h e  s y s t e m  b y  t h e  e q u a t i o n
S = k I n  ' f t  ( 2 . 1 )
w h e r e  k i s  t h e  B o l t z m a n n  c o n s t a n t .  T h i s  s t a t e m e n t  i m ­
p l i e s  t h a t  a t  t h e  a b s o l u t e  z e r o  o f  t e m p e r a t u r e  t h e  
m a c r o s t a t e  i n c l u d e s  o n l y  o n e  m i c r o s t a t e .  A l t e r n a t i v e l y ,  
t h e r e  e x i s t s  o n e  p a r t i c u l a r  m i c r o s t a t e  o f  l o w e r  e n e r g y  
t h a n  a n y  o t h e r  a n d  t h i s  m i c r o s t a t e  a l o n e  i s  o c c u p i e d  a t  
a b s o l u t e  z e r o .  I t  s h o u l d  b e  n o t e d  t h a t  t h e  m i c r o s t a t e s  
r e f e r  t o  t h e  w h o l e  c r y s t a l  a n d  n o t  t o  c o m p o n e n t  m o l e c u l e s .  
T h e y  a r e  c o n s i d e r e d  t o  a r i s e  o n l y  f r o m  t r a n s l a t i o n a l ,  r o ­
t a t i o n a l ,  v i b r a t i o n a l  a n d  e l e c t r o n i c  s t a t e s  a n d  d i f f e r e n t  
m o l e c u l a r  o r i e n t a t i o n s  a t  l a t t i c e  s i t e s .
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This leads to the rather strict definition: 
a crystal is ordered when it is in a state of zero 
entropy. This implies that the crystal has absolute 
chemical purity, complete ordering of molecules and 
atoms at the crystal sites and possesses no more than 
the zero point energy »
Using this definition, a crystal becomes disordered 
at any temperature above zero for there will be populat­
ion (according to the Boltzmann distribution) of the 
microstates comprising the normal modes of vibration of 
the crystal. Let ft be the number of accessible micro­
states for a given thermal energy and configuration of 
molecules in the crystal, Suppose that at a particular 
temperature, T the crystal possesses distinguish­
able configurations. These arise because the molecules 
possess more than one distinct orientation at a lattice 
site. If, for each configuration, ft^ is the same, the 
total number of microstates of the crystal becomes
ft ft . ft ,config. the (2 .2 )
and the total entropy is made up of two contributions
S = S * + S..config. th,
= k In ft r + k In ft., (2,3)config. th,
Thus thermal and configurational randomness make separate 
contributions to the entropy,
A narrower but more useful definition for the 
present purpose relates only to configurational random­
ness, It is that a crystal is considered to be dis­
ordered when a molecule at a lattice site may adopt more
than one distinct orientation.
A crystal, whether ordered or disordered, is in an 
equilibrium state when the free energy F given by 
equation (2.4) is minimised.
F = H - TS (2.4)
where H is the enthalpy and the entropy, S is given by 
equation (2.3).
2 * 2 TYPES OF DISORDER IN CRYSTALS
Both static and dynamic disorder are encountered in 
crystals. In the former type, the molecular orientations 
remain unchanged after the crystal has formed. Any 
diffusion controlled processes are neglected. Examples 
are azulene (Robertson et al., 1962) and anthrone
(Flack, 1970). The molecules of crystals belonging to 
the second category possess orientational freedom. Fre­
quent changes in orientation take place within the time 
scale of any measurement on the crystal. Plastic 
crystals (Aston, 1963) and pyrene (Fyfe e_t a_l. , 1970) are
included here. Orientational freedom is not, however, 
restricted to disordered crystals. It is known to occur 
in crystals such as benzene (Andrew and Eades, 1953b).
It is well known that the perfect order of an ideal 
crystal is also disrupted by the presence of lattice de­
fects such as vacancies and dislocations. These are 
local, microscopic irregularities occurring between 
regions of perfect regularity. Disorder in this distinct 
sense, will be neglected in this work.
The study of orientational freedom in molecular
crystals has proceeded in a number of directions involv-
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ing measurement of thermodynamic properties (Westrum and 
McCullough, 19 63) , dielectric behaviour (Smyth, 196 3) and 
nuclear magnetic resonance (Andrew, 1961) as well as 
crystal structure analysis (Dunning, 1961). Models 
necessary to the understanding of this motion have been 
developed and will now be described, following in part, 
the paper by Darmon and Brot ( 1967) .
2 . 3 MODELS OF ORIENTATIONAL FREEDOM
Two models for describing the dynamics of orientat­
ional freedom in crystals have been proposed. In the 
first, due to Pauling (1930) and Fowler (19 35) , molecules 
are considered to be in a state of nearly free rotation. 
Frenkel (1935) suggested the alternative notion that each 
molecule can take only certain orientations (which will 
be referred to as "allowed orientations"). Changes in 
orientation occur when a molecule has sufficient energy 
to surmount the potential barrier separating them. The 
latter model is considered to be the more realistic in 
the majority of cases. A more exact statement of this 
model and the consequences for various experimental 
methods is the following.
Each molecule is considered to spend most of its 
time in one or other of the allowed orientations and the 
time necessary to pass from one orientation to another 
is very short. Reorientation, then, is a fast but rel­
atively rare event and depends on the energy barriers 
separating the potential wells. During the time that a 
molecule spends in a particular well, intramolecular 
vibrations as well as librational and translational
motions take place in a similar manner to an ordered crystal.
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2 . 3 1  T h e r m o d y n a m i c  I m p l i c a t i o n s  o f  t h e  M o d e l
An i m m e d i a t e  c o n c l u s i o n  f r o m  t h e  m o d e l  j u s t  d e s c r i b e d  
i s  t h a t  t h e  t h e r m o d y n a m i c  p r o p e r t i e s  w i l l  b e  s e n s i t i v e  t o  
t h e  e x i s t e n c e  o f  o r i e n t a t i o n a l  f r e e d o m  b u t  i n s e n s i t i v e  
t o  t h e  d y n a m i c s  o f  t h e  m o t i o n .  Th e  r e a s o n  f o r  t h i s  i s  
t h a t  t h e  p r o p o r t i o n  o f  m o l e c u l e s  u n d e r g o i n g  r e o r i e n t a t i o n  
a t  a n y  g i v e n  i n s t a n t  m u s t  b e  s m a l l  s o  t h a t  t h e  c o n t r i b u t ­
i o n  o f  t h e s e  m o l e c u l e s  t o  t h e  t h e r m o d y n a m i c  f u n c t i o n s  w i l l  
a l s o  b e  s m a l l .
F o l l o w i n g  on f r o m  t h i s ,  i t  i s  p o s s i b l e  t o  d i s t i n g u i s h  
t wo  c a t e g o r i e s  o f  o r i e n t a t i o n a l  f r e e d o m .  I t  i s  c o n v e n i e n t  
t o  d e f i n e  t h e  o r i e n t a t i o n  o f  a m o l e c u l e  b y  l a b e l l i n g  e a c h  
o f  i t s  a t o m s ,  s a y  b y  i t s  c o o r d i n a t e s  ( a ,  3 ,  y )  i n  a n  
o r t h o g o n a l  c o o r d i n a t e  s y s t e m .  An a l l o w e d  o r i e n t a t i o n  i s  
d e f i n e d  b y  a s e t  o f  c o o r d i n a t e s  ( a ,  3 ,  Y) o n e  f o r  e a c h
a t o m  i n  t h e  m o l e c u l e .  T h e  a l l o w e d  o r i e n t a t i o n s  a r e  
d i s t i n g u i s h e d  b y  a d i f f e r e n t  s p a c i a l  p o s i t i o n  f o r  a t  
l e a s t  o n e  o f  t h e  l a b e l l e d  a t o m s .
I f  a m o l e c u l e  h a s  mo r e  t h a n  o n e  e l e m e n t  o f  
s y m m e t r y ,  t h e n  s o me  o f  t h e  o r i e n t a t i o n s  d e f i n e d  a b o v e  
w i l l  b e  i n d i s t i n g u i s h a b l e  i f  we s u p p r e s s  t h e  l a b e l l i n g .
I n  t h e  e x t r e m e  c a s e ,  t h e  a l l o w e d  o r i e n t a t i o n s  w i l l  a l l  
b e  i n d i s t i n g u i s h a b l e  w i t h o u t  l a b e l l i n g .  T h u s ,  a l t h o u g h  
r e o r i e n t a t i o n  may o c c u r ,  d i s o r d e r  d o e s  n o t  e x i s t  f r o m  a 
t h e r m o d y n a m i c  p o i n t  o f  v i e w  b e c a u s e  t h e r e  i s  n o  c o n f i g ­
u r a t i o n a l  r a n d o m n e s s .
When c e r t a i n  a l l o w e d  o r i e n t a t i o n s  a r e  d i s t i n g u i s h ­
a b l e  t h e  c r y s t a l  i s  s a i d  t o  b e  t h e r m o d y n a m i c a l l y  d i s ­
o r d e r e d  b e c a u s e  i t  may  e x i s t  i n  a n u m b e r  o f  d i f f e r e n t  
c o n f i g u r a t i o n s  a n d  a t h e r m a l  t r a n s i t i o n  t o  a m o r e
ordered phase must exist at some lower temperature if it 
is remembered that a substance at equilibrium can occupy 
only one microstate. This contrasts the extreme case 
where no thermal transition is necessary to liberate the 
orientational motion.
The entropy change for a transition involving order- 
disorder effects predominantly, arises mainly from the 
change in configurational entropy (Westrum and McCullough, 
1963) :
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AS con fig. (2.5)
where , ^2 are the number of allowed (configurational)
microstates in the low and high temperature phases res­
pectively. This assumes that is unaltered whenthe rm.
passing through the phase transition. For a first order 
(i.so thermal) phase transition the change in enthalpy 
will be
AH = TAS (2.6)
where AS and T are the entropy change and temperature of 
the transition. The difference between a first and 
higher order phase transition is that only for the former 
is there almost complete ordering of molecules below the 
transition temperature and almost complete disordering 
above it. The higher order transitions show a gradual 
change over a temperature range with intermediate degrees 
of order and disorder being present.
Finally, a comment on crystals in which static dis­
order occurs, is relevant. On cooling they do not trans­
form to an ordered state but possess, at absolute zero,
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a residual entropy. The disorder is considered to be 
"locked-in", as the crystal cannot achieve its equilibrium 
ordered state. This is presumably because the kinetics 
are too slow as a result of very high energy barriers to 
re orientation.
2.32 Crystallographic Implications
Orientational freedom in thermodynamically dis­
ordered crystals manifests itself by the presence of 
diffuse background scattering alongside the sharp layer 
reflections in diffraction experiments. The diffuseness 
which derives from thermal motion can be distinguished 
from that caused by disorder by examining the temperature 
dependence (Flack, 1970). In addition, space group 
analysis requires a molecule to occupy a site for which 
the site group is not a subgroup of the free molecule 
point group. This apparent contradiction is resolved if 
molecules are considered to occupy sites in the allowed 
orientations in a statistical manner resulting in an 
average electron density consistent with the observed site 
symmetry.
Another manifestation of orientational motion is in 
the thermal ellipsoids of vibration of atoms in a 
molecule. Amplitudes of vibration much larger than in 
ordered crystals may be observed. The anisotropy may 
give an indication of the manner in which reorientation 
takes place. For example, the amplitudes of vibration 
of carbon atoms in benzene are much larger in the plane 
of the molecule than normal to it (Cox et al. , 1958 ;
Bacon e_t _al_. , 1964) indicating that reorientation prob­
ably occurs about the hexad axis in agreement with nuclear
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magnetic resonance studies (Andrew and Eades, 19 53b) . In
fact, this is the only way in which orientational freedom 
may be detected in crystallographic studies when the 
crystals are not thermodynamically disordered.
2.33 Implications for Nuclear Magnetic Resonance
The linewidth and second moment are sensitive to
changes in the dynamics of molecular reorientation in
crystals. Relationships between the correlation time
t , characterising the motion and the relaxation times c
T 1 • t2 °f the nuclear spin system determine the temper­
ature at which the motion is sufficiently rapid for 
narrowing of the linewidth and consequent reduction in 
the second moment to occur. The changes are not necess­
arily abrupt. In thermodynamically disordered crystals, 
the narrowing begins at the transition temperature or 
higher for first order transitions. This will depend 
on the energy barriers involved. For higher order 
transitions, narrowing may take place at a temperature 
below that observed for the phase transition.
The nature of the transition can in part be de­
termined by comparing observed and calculated changes 
in the second moment. The method does not, however, allow 
free and hindered axial rotations to be distinguished.
Such distinctions are based on energetic arguments, X-ray 
data or the analysis of spin-lattice relaxation times; 
the latter assumes the presence of a potential barrier. 
Results yield barrier heights of the order of several 
kcal.mole 1.
The details of this method will be described in a 
later chapter where it is used to elucidate aspects of
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t h e  o r d e r - d i s o r d e r  t r a n s i t i o n  o f  a c e n a p h t h y l e n e .  T h i s  
t r a n s i t i o n  i s  known  f r o m  c r y s t a l l o g r a p h i c  s t u d i e s  
(We l b u r y  , 19 7 0 ) .
2 * 4 THERMODYNAMI C S T U D I E S  OF A C EN AP HTHY LE NE
No t h e r m o d y n a m i c  s t u d i e s  o f  t h i s  t r a n s i t i o n  ( w h i c h  
o c c u r s  a t  a b o u t  130° K)  i n  a c e n a p h t h y l e n e  h a v e  b e e n  r e ­
p o r t e d .  An a t t e m p t  t o  o b s e r v e  t h e  t r a n s i t i o n  u s i n g  
d i f f e r e n t i a l  t h e r m a l  a n a l y s i s  wa s  u n s u c c e s s f u l  a s  t h e  
l o w e s t  t e m p e r a t u r e  a v a i l a b l e  w i t h  t h e  a p p a r a t u s  wa s  
1 6 0 ° K .  B e t w e e n  t h i s  t e m p e r a t u r e  a n d  t h e  m e l t i n g  p o i n t  
o f  t h e  c r y s t a l ,  no  t h e r m a l  a n o m a l i e s  w e r e  o b s e r v e d .
I n f o r m a t i o n  r e g a r d i n g  t h e  e n t r o p y  a n d  i n t e r n a l  e n e r g y  
c h a n g e s  a s  a f u n c t i o n  o f  t e m p e r a t u r e  a r e  m o s t  i m p o r t a n t  
f o r  t w o  r e a s o n s .  I n  t h e  c a s e  o f  e n t r o p y  c h a n g e s ,  d a t a  
f o r  t h e  t r a n s i t i o n  w o u l d  e n a b l e  t h e  n u m b e r  o f  d i s t i n g u i s h ­
a b l e  o r i e n t a t i o n s  a t  a s i t e  t o  b e  d e t e r m i n e d  u s i n g  
e q u a t i o n  ( 2 . 5 )  . C r y s t a l l o g r a p h i c  d a t a  a r e  i n c o n c l u s i v e  
on t h i s  p o i n t .  K n o w l e d g e  o f  t h e  i n t e r n a l  e n e r g y  o f  t h e  
c r y s t a l  f o r  b o t h  p h a s e s  i s  n e c e s s a r y  f o r  a c o m p l e t e  c a l ­
c u l a t i o n  o f  t h e  e q u i l i b r i u m  s t r u c t u r e  o f  t h e  d i s o r d e r e d  
p h a s e .  A s p e c t s  o f  s u c h  c a l c u l a t i o n s  a r e  d i s c u s s e d  i n  
t h e  n e x t  c h a p t e r .
2 . 5  CRYSTALLOGRAPHIC STUDI ES OF ACENAPHTHENE AND 
ACENAPHTHYLENE
B o t h  a c e n a p h t h e n e  ( C i 2 H i o )  a n d a c e n a p h t h y l e n e  
( C 1 2 H 8) a r e  p l a n a r  m o l e c u l e s  b e l o n g i n g  t o  t h e  p o i n t  g r o u p  
C2  v • Th e  m o l e c u l a r  a x e s ,  d e f i n e d  i n  a c c o r d a n c e  w i t h  t h e  
r e c o m m e n d a t i o n s  o f  t h e  J o i n t  C o m m i s s i o n  f o r  S p e c t r o s c o p y  
( 1 9 5 5 )  a r e  s h o w n  i n  f i g u r e  2 . 1 .  D e t a i l s  o f  t h e  m o l e c u l a r  
s t r u c t u r e s  a r e  g i v e n  i n  A p p e n d i x  1 .  F o r t u i t o u s l y ,  t h e
A M(z)
L(y)
FIGURE 21. Definition of molecular axes for 
acenaphthylene (a) and acenaphthene (b).
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TABLE 2.1
REPRESENTATIONS OF THE POINT GROUP C2 v
See note (2)
(1) Meaning of symmetry elements:
E Co a CT '2 V V
Molecular point group: E 2M MN LM
Factor group o f P 2 .nm: tE n/2 m
Factor g ro up o f Pb a2 : E + 2 C a/2 b/2
Factor group o f P c m 2 : E + m °/2
includes unit translations along each crystal axis.
(2) Transformation properties of molecular and crystal 
axes: first column (molecular axes); second
column (P2(nm); third column (Pba2 and P cm2^).
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crystals of each compound have space groups whose under­
lying point groups are the same as the molecular point 
group except for one of the space groups of the high 
temperature phase of acenaphthylene which has a higher 
symmetry. Table 2.1 gives the representations of the 
point group C2 V .
2.51 Acenaphthene
Acenaphthene crystallises in an orthorhombic unit 
cell (Ehrlich, 1957) having space group Pcm2 j with four 
molecules per unit cell. Figure 2.2 illustrates the 
symmetry operations of this space group. The packing 
arrangement is interesting for it consists of two 
crystallographically inequivalent sets of molecules whose 
mirror planes coincide with those of the crystal (figure 
2.3). Molecules I and II lie in the crystal ab-plane 
and belong to the first set while molecules III and IV 
of the second set have their planes inclined at about 30 
degrees to the c-axis. The unit cell data and direction 
cosines giving the molecular orientation are collected 
in Appendix 1.
The crystal structure was determined at 15°C and 
is ordered. No enantiomorphs are known and presumably 
there is no disordered phase; the crystal melts at 92°C.
2.52 Acenaphthylene
Investigations by Welbury (1970) have shown that 
acenaphthylene crystallises in the space group Pba2 or 
Pbam and is disordered at room temperatures. At about 
130°K it undergoes a reversible transformation to a more 
ordered form with space group P 2 \n m .
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0
'
y PZ^m
0
—  Pba2
Definition of 
crystal axes
4
Pbam
Pcm2(
b
c
(P2,nnn,Pba2tPbam)
c
b
(Pcm2| )
FIGURE 2-2. Symmetry of the space groups; 
P2.nm, Pba2, Pbam and Pcm2(. The symmetry 
symbols are defined on the following page.
SYMBOL INTERPRETATION
0
origin
mirror plane normal to plane of
projection
axial glide plane normal to plane
of projection with translation a/2
1 axial glide plane parallel to plane of projection
diagonal glide plane normal to 
plane of projection
o centre of inversion
twofold rotation axis in plane of 
projection
twofold screw axis in plane of 
projection
1
twofold screw axis normal to 
plane of projection
symmetry element located at
1
4 "5\t  along axis normal to plane 
of projection
Reference: International Tables for X-ray Crystallography (1952) 
Edited by N. F. M. Henry and K. Lonsdale. 
Birmingham: The Kynoch Press.
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2 . 5 2 1  T h e  Low T e m p e r a t u r e  S t r u c t u r e
T h e  s t r u c t u r e  o f  t h e  l o w  t e m p e r a t u r e  f o r m  ( W e l b u r y , 
1 9 7 0 )  c o n s i s t s  o f  f o u r  l a y e r s  o f  c l o s e l y  p a c k e d  m o l e c u l e s  
( f i g u r e  2 . 4 ) .  T h e s e  a r e  ma d e  u p  o f  t w o  p a i r s  w h i c h  a r e  
c r y s t a l l o g r a p h i c a l l y  i n e q u i v a l e n t ,  l a y e r s  a t  0 c  a n d  he
c o n t a i n i n g  m o l e c u l e s  i n c l i n e d  a t  a b o u t  20 d e g r e e s  t o  t h e
3
b - a x i s  a n d  l a y e r s  a t  he  a n d  —c i n c l i n e d  a t  a b o u t  204
d e g r e e s  t o  t h e  a —a x i s .  T h e  m o l e c u l e s  a t  0 a n d  he  h a v e  
t h e i r  m i r r o r  p l a n e  c o i n c i d i n g  w i t h  t h e  c r y s t a l  m i r r o r  
p l a n e  w h e r e a s  t h e  o t h e r  m o l e c u l e s  a r e  f r e e  t o  a s s u m e  an 
a r b i t r a r y  o r i e n t a t i o n .  I n  f a c t ,  t h e  m o l e c u l e s  a t  0 c  a n d  
he  a l s o  f o r m  t wo  c r y s t a l l o g r a p h i c a l l y  i n e q u i v a l e n t  s e t s .  
Th e  o r i e n t a t i o n s  o f  t h e s e  s e t s  a r e  s u c h  t h a t  a / 2  g l i d e  
p l a n e  ( i f  p r e s e n t  a t  ^ a )  w o u l d  g i v e  a n e a r  e x a c t  
s y m m e t r y  r e l a t i o n s h i p  b e t w e e n  t h e m .  T h e  s y m m e t r y  o p e r ­
a t i o n s  o f  t h e  u n i t  c e l l  a r e  g i v e n  i n  f i g u r e  2 . 2 .  T h e  
s e t s  o f  m o l e c u l e s  i n  t h e  u n i t  c e l l  c a n  b e  t a b u l a t e d  a s  
f o i l o w s :
L a y e r S e t Mo 1 e c u 1 e s S i t eG r o u p
0 , he ( A
1 B
I  , I I C l h
I I I  , I V c 1 h
' - b c
V , VI  , V I I  , V I I I Cl
T h e  d i r e c t i o n  c o n s i n e s  d e s c r i b i n g  t h e  m o l e c u l a r  
o r i e n t a t i o n s  a n d  t h e  u n i t  c e l l  d a t a  a r e  c o l l e c t e d  i n  
A p p e n d i x  1 .  A l t h o u g h  t h e  s t r u c t u r e  h a s  n o t  b e e n  d e t e r ­
m i n e d  t o  b e t t e r  t h a n  0 . 1 &, t h e r e  i s  l i t t l e  d o u b t  t h a t  i t  
i s  e s s e n t i a l l y  c o r r e c t .  A c a l c u l a t i o n  o f  t h e  e q u i l i b r i u m  
s t r u c t u r e  u s i n g  t h e  s e m i e m p i r i c a l  a t o m - a t o m  a p p r o a c h  
( K i t a i g o r o d s k i i  a n d  M i r s k a y a ,  1 9 6 2 )  g i v e n  i n  t h e  n e x t
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chapter is in close agreement with the observed structure, 
whose R-factor for the X-ray analysis is 11 percent.
2.522 The Room Temperature Structure
A number of workers (Cohen et al., 1969; Gordon and
Yang, 19 70 ; Hardy et al_. , 1971; Welbury, 1970) have de­
termined the space group (Pba2 or Pbam) and unit cell 
dimensions for the room temperature structure (see 
Appendix 1) . The molecular sites are known to have 2 
or 2/m symmetry. The symmetry operations of both space 
groups are given in figure 2.2. On the basis of this in­
formation and the similarity in optical constants with 
acenaphthene, Gordon and Yang (1970) proposed an ordered 
structure similar to that of acenaphthene (figure 2.3) , 
but having the molecular planes rotated by 90 degrees so 
that the short in-plane (M) axis coincides with the two­
fold axis of the space group Pba2. A similar structure 
has been proposed by Hardy et al. (1971) . Both structures 
may be discounted in the light of the far more extensive 
study made by Welbury (1970).
The following observations regarding the room 
temperature structure are made by Welbury:
(1) Strong low order reflections do not change 
markedly in going from the low to the high temperature 
form suggesting that both forms have similar packing 
arrangements.
(2) In support of this suggestion, the unit cell 
lengths increase only slightly except for the length of 
the c— axis which is halved.
(3) Disorder is indicated by the presence of strong 
diffuse scattering and the absence of high order
d i f f r a c t i o n  m a x i m a .
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T h e  p r o b l e m ,  t h e n ,  i s  t o  f i n d  a s t r u c t u r e  w h i c h  i s  
d i s o r d e r e d ,  b u t  i n v o l v e s  m i n i m a l  c h a n g e  o f  t h e  p a c k i n g  
a r r a n g e m e n t  o f  t h e  l o w t e m p e r a t u r e  s t r u c t u r e .  W e l b u r y  
h a s  p r o p o s e d  a s t r u c t u r e  w h i c h  f i t s  i n  w i t h  t h e s e  
c r i t e r i a .  He s u g g e s t s  t h a t  t h e  d i s o r d e r e d  c r y s t a l  c o n ­
s i s t s  o f  r e g i o n s  o f  s h o r t - r a n g e  o r d e r  h a v i n g  a n  a c e n a p h -  
t h e n e - l i k e  s t r u c t u r e .  C o n s i d e r  t h e  l o w  t e m p e r a t u r e  u n i t  
c e l l  o f  a c e n a p h t h y l e n e  ( f i g u r e  2 . 4 ) .  When d i s o r d e r i n g  
t a k e s  p l a c e ,  t h i s  f o r m s  t wo  u n i t  c e l l s .  T h e  c h a n g e s  e n ­
v i s a g e d  a r e  t h a t  m o l e c u l e s  a t  Oc a r e  r o t a t e d  i n  t h e  m o l e c ­
u l a r  p l a n e  t h r o u g h  180  d e g r e e s .  By a r o t a t i o n  o f  a p p r o x ­
i m a t e l y  120 d e g r e e s  a b o u t  t h e  N - a x i s ,  t h e  i n t e r s t i t i a l  
m o l e c u l e s  a t  h e  a d o p t  an o r i e n t a t i o n  s u c h  t h a t  t h e  u n i t  
c e l l  i s  j u s t  l i k e  t h a t  o f  a c e n a p h t h e n e  ( f i g u r e  2 . 3 )  . I n  
t h i s  w a y  a r e g i o n  o f  s h o r t - r a n g e  o r d e r  may b e  f o r m e d  i n  
t h e  c r y s t a l .  I n  o r d e r  t o  s a t i s f y  t h e  r e q u i r e m e n t s  o f  
t h e  s i t e  s y m m e t r y  i n  t h e  d i s o r d e r e d  p h a s e ,  a n o t h e r  r e g i o n  
o f  s h o r t - r a n g e  o r d e r  may b e  f o r m e d  b y  t a k i n g  t h e  u n i t  
c e l l  j u s t  d e s c r i b e d  a n d  r o t a t i n g  e a c h  m o l e c u l e  a b o u t  t h e  
t w o - f o l d  c r y s t a l  a x i s  p a s s i n g  t h r o u g h  e a c h  s i t e  b y  180  
d e g r e e s .  The  d i s o r d e r e d  p h a s e  i s  c o n s i d e r e d  t o  c o n s i s t  
o f  a s t a t i s t i c a l  d i s t r i b u t i o n  o f  t h e s e  t wo  t y p e s  o f  
o r d e r e d  r e g i o n  s u c h  t h a t  t h e  a v e r a g e  e l e c t r o n  d e n s i t y  a t  
a s i t e  h a s  2 o r  2 / m s y m m e t r y .  I n  b e t w e e n  t h e  o r d e r e d  
r e g i o n s ,  t h e  i n t e r s t i t i a l  m o l e c u l e s  a d o p t  o r i e n t a t i o n s  
a s  i n  t h e  o r d e r e d  f o r m .
Some d e g r e e  o f  c o n f i r m a t i o n  o f  t h e s e  i d e a s  c o me s  
f r o m  a d i s o r d e r  m e c h a n i s m  p o s t u l a t e d  b y  W e l b u r y .  D u r i n g  
t h e  t r a n s i t i o n  t h e  d i f f r a c t i o n  p a t t e r n s  s h o w e d  t h a t  t h e r e
I
was a high degree of three-layer nature about the 
structure. The three possible orientations of the inter­
stitial molecules is thought to give rise to this three- 
layer repeat. As the transition progresses, this is re­
placed by a single-layer structure which would be under­
stood to arise from the one orientation allowed for the 
interstitial molecules in the small ordered regions.
The simple model of Welbury explains these changes in the 
diffraction curves in terms of short range order para­
meters and nearest and second nearest neighbour inter­
actions .
The order is considered to be a dynamic process. 
Reorientation of molecules at their sites give rise to 
continual rearrangement of ordered regions of the 
lattice. The crystallographic study of this phase is 
not complete enough to establish accurately the orient­
ations of the molecular planes and the atomic positions 
in different orientations. It may well be that molecular 
motion is so extensive that a drastic reduction in 
accuracy (as compared to ordered structures) will occur.
2.6 SUMMARY
The foregoing discussion of disorder in molecular 
crystals and the crystallographic studies of the acenaph­
thylene crystal provide the groundwork for the investigat­
ions in Chapters 3 and 4. We may summarise the main 
points thus:
(1) A crystal is disordered if a molecule at a lattice 
site may adopt more than one distinct orientation. The
presence of crystal defects is neglected.
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( 2 )  We c o n s i d e r  o n l y  d y n a m i c  d i s o r d e r  f o r  w h i c h  a 
m o l e c u l e  a t  a l a t t i c e  s i t e  u n d e r g o e s  c h a n g e s  i n  o r i e n t a t i o n .  
E v e n  s o ,  m o l e c u l e s  s p e n d  m o s t  o f  t h e  t i m e  i n  o n e  o r  o t h e r
o f  t h e  a l l o w e d  o r i e n t a t i o n s .
( 3 )  T h e  a c e n a p h t h y l e n e  c r y s t a l  ( a t  r o o m  t e m p e r a t u r e )  
i s  t h e r m o d y n a m i c a l l y  d i s o r d e r e d ,  a s  s h o w n  b y  t h e  p h a s e  
c h a n g e  n e a r  1 3 0 ° K  f r o m  c r y s t a l l o g r a p h i c  s t u d i e s .
( 4 )  T h e  s t r u c t u r e  o f  t h e  o r d e r e d  p h a s e  c o n s i s t s  o f
t h r e e  c r y s t a l l o g r a p h i c a l l y  i n e q u i v a l e n t  s e t s  o f  m o l e c u l e s ,
t w o  o f  w h i c h  ( a t  0 ,  he)  h a v e  s i t e  s y m m e t r y  a n d  t h e
, 3o t h e r  ( a t  h ,  ^-c) h a s  s i t e  s y m m e t r y .
( 5 )  T h e  d i s o r d e r e d  p h a s e  c o n s i s t s  o f  t w o  s e t s  o f  
c r y s t a l l o g r a p h i c a l l y  i n e q u i v a l e n t  m o l e c u l e s  ( a t  Oc a n d  
he ,  r e s p e c t i v e l y )  w i t h  a v e r y  s i m i l a r  s t r u c t u r e  t o  t h a t  
o f  t h e  o r d e r e d  p h a s e .  D i s o r d e r i n g  o c c u r s  w i t h  a h a l v i n g  
o f  t h e  c - u n i t  c e l l  l e n g t h ,  t h e  r e m a i n i n g  u n i t  c e l l  
l e n g t h s  b e i n g  v i r t u a l l y  u n a l t e r e d .
( 6 )  W e l b u r y  h a s  s u g g e s t e d  t h a t  t h e  d i s o r d e r e d  p h a s e  
c o n s i s t s  o f  r e g i o n s  o f  s h o r t - r a n g e  o r d e r  w h i c h  u n d e r g o  
c o n t i n u a l  r e a r r a n g e m e n t  d u e  t o  r e o r i e n t a t i o n  o f  m o l e c u l e s
a t  l a t t i c e  s i t e s .
CHAPTER 3
INTERMOLECULAR FORCES AND THE ORDER-  
DISORDER T R A N S I T I O N  IN ACENAPHTHYLENE  
CRYSTAL
The f o c u s  o f  t h i s  c h a p t e r  i s  on t h e  r o l e  p l a y e d  hy  
i n t e r m o l e c u l a r  f o r c e s  i n  d e t e r m i n i n g  t h e  e q u i l i b r i u m  
s t r u c t u r e  o f  t h e  o r d e r e d  and d i s o r d e r e d  p h a s e s  o f  
a c e n a p h t h y l e n e  and  t h e  m e c h a n i s m  o f  t h e  t r a n s i t i o n .  
A f t e r  e x a m i n i n g  t h e  g e n e r a l  p r o b l e m 3 m e t h o d s  t h a t  
h a v e  b e e n  a p p l i e d  t o  o r d e r e d  m o l e c u l a r  c r y s t a l s  a r e  
d i s c u s s e d . I t  w i l l  be  shown t h a t  d i s o r d e r  p h e n o m e n a  
can a l s o  be  i n v e s t i g a t e d  by t h e  same m e t h o d s .  W h i l e  
t h e  r e s u l t s  g i v e  c o n s i d e r a b l e  i n s i g h t  i n t o  t h e  
e q u i l i b r i u m  s t r u c t u r e  o f  t h e  d i s  o r d e r e d  p h a s e  a n d  t h e  
me c h a n i s m  o f  d i s o r d e r 3 t h e  m a g n i t u d e s  o b t a i n e d  f o r  t h e  
v a r i o u s  e n e r g y  t e r m s  can a t  b e s t  be  r e g a r d e d  as c r u d e  
e s t i m a t e s .  The a p p l i c a t i o n  t o  t h e  a c e n a p h t h y l e n e  
s y s t e m  i s  d e s c r i b e d  a t  l e n g t h .
3 . 1 INTERMOLECULAR FORCES AND THE MACROSCOPIC PROPERTIES 
OF CRYSTALS
The equilibrium structure of a crystal and the 
nature of any phase transition which it may undergo can 
be determined if a complete knowledge of the potential 
function for all normal displacements of the crystal is 
at hand. The method requires the combination of quantum 
mechanics and statistical thermodynamics in order to re­
late the macroscopic properties of a crystal (for example 
the Gibb's free energy) to the properties of its constit­
uent atoms. The thermodynamic aspects of the problem have 
been discussed by Denbigh (1966) and Westrum and McCullough 
( 1963) . The link between the two subjects is the partition 
function, Z of the system which is the summation over all 
accessible quantum states of the crystal and given by
Z = E g. exp (-E./kT) (3.1)
i 1 1
where g_^  is the degeneracy of the ith quantum state of 
energy E_^ , k is the Boltzmann constant and T the temperat­
ure .
All macroscopic properties are related to the 
partition function. For example the enthalpy, H and 
entropy, S are defined by
31 .
S = k ln Z + k T ^ — ) (3.3)
The equilibrium structure of a crystal is one of minimum 
free energy and is given by equation (2.4) :
F = H - TS .
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It can be calculated from equations (3.2) and (3.3) . A 
phase transition occurs because the final phase possesses 
a minimum free energy which is lower than that of the 
initial phase if the transition did not occur. To deter­
mine the nature of the order-disorder phase transition 
of solid acenaphthylene, one is required to calculate the 
allowed quantum states of the crystal which is possible 
if a complete knowledge of the potential function for all 
normal displacements of the crystal is possessed. This 
statement belies the enormous complexity of the task, 
since even for the simplest of systems such as solid 
argon the problem is intractible unless a number of 
simplifying assumptions is made.
The situation in which only one (ordered) phase 
exists has been investigated by a number of workers whose 
methods will be described in some detail later in the 
chapter. Briefly, the intermolecular interaction energy 
is minimised with respect to the degrees of freedom of 
the molecules in the crystal such that the space group 
symmetry is preserved. The predicted equilibrium 
structure is found to be minimised to within several 
degrees for angular coordinates and a few hundredths of 
an angstrom for translational coordinates of the 
observed structure (usually determined at room temperat­
ures) . The method is strictly applicable only at the 
absolute zero of temperature so that the very good agree­
ment obtained is a result of the very small variation of 
structure with temperature.
When an order-disorder transition exists for a 
crystal, the equilibrium structure of the ordered phase
can be determined by the same method. For the disordered
phase, the vibrational quantum states of the crystal and 
the entropy of the transition must be considered. After 
describing the approaches for the ordered phase, a 
method which enables inferences to be made about the 
nature of the disordered phase will be outlined. In 
addition the possibility of molecular reorientation in 
a crystal can be examined and quantitative estimates of 
the energy barriers for the process can be evaluated by 
considering the intermolecular interaction energy of a 
molecule for reorientation in the lattice, using the same 
methods as are applied to the problem of the equilibrium 
structure of a crystal. The application of these methods 
to the acenaphthylene crystal will be discussed.
3.2 THE EQUILIBRIUM STRUCTURE OF AN ORDERED CRYSTAL
As already stated, the equilibrium structure is. one 
of minimum Gibb's free energy. Usually any dependence 
ot the crystal structure on volume is neglected so that 
the Helmholtz free energy may be used instead. In other 
words, the enthalpy and internal energy of the crystal 
can be equated and the decrease in the frequencies of the 
lattice modes with temperature neglected. For aromatic 
crystals, the frequencies decrease by at the most 10 per­
cent for a 100 degree rise in temperature, provided that 
the crystal is well below its melting point (Ghe1fenstein 
and Szwarc, 1971).
For molecular crystals, inter- and intramolecular 
effects can be separated (Kitaigorodskii, 1965). The
intramolecular forces determine the equilibrium geometry 
and vibrational states of the isolated molecule. In the
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c r y s t a l ,  t h e s e  r e m a i n  u n a l t e r e d .  G e n e r a l l y  t h e  i n t e r a c t i o n
o f  i n t r a m o l e c u l a r  v i b r a t i o n s  w i t h  t h e  l a t t i c e  m o d e s  i s
s m a l l .  F o r  e x a m p l e ,  t h e  l o w e s t  e n e r g y  i n t r a m o l e c u l a r
- 1
v i b r a t i o n  ( 2 2 0  cm ) i s  s e p a r a t e d  f r o m  t h e  l a t t i c e  v i b -
-  l
r a t i o n s  b y  a t  l e a s t  70 cm i n  t h e  Raman s p e c t r u m  o f  a c e n ­
a p h t h y l e n e .  T h i s  a s s u m p t i o n  i s  i m p o r t a n t  a s  i t  a l l o w s  
t h e  c r y s t a l  f r e e  e n e r g y  t o  b e  s e p a r a t e d  i n t o  i n t e r -  a n d  
i n t r a m o l e c u l a r  c o n t r i b u t i o n s  w i t h  o n l y  t h e  f o r m e r  b e i n g  
d e p e n d e n t  on  t h e  s t r u c t u r e  o f  t h e  c r y s t a l :
F 1 a t t . m o l .F + F ( 3 . 4 )
w h e r e  t h e  f r e e  e n e r g y  o f  e a c h  t e r m  t a k e s  t h e  f o r m
F + E v i b  . -  TS v i b  . ( 3 . 5 )
T h e  q u a n t i t y  E q i s  t h e  i n t e r a c t i o n  e n e r g y  r e l a t i v e  t o  
t h e  c o m p o n e n t  e n t i t i e s  ( e i t h e r  m o l e c u l e s  o r  a t o m s )  a t  
i n f i n i t e  s e p a r a t i o n .  The  s u b s c r i p t  r e f e r s  t o  t h e  c o n ­
t r i b u t i o n  o f  v i b r a t i o n a l  m o t i o n s  ( e i t h e r  m o l e c u l a r  o r  
l a t t i c e )  t o  t h e  e n t r o p y  a n d  i n t e r n a l  e n e r g y .  A t  a b s o l u t e  
z e r o  t h e  l a t t i c e  f r e e  e n e r g y  i s
l a t t . F E l a t t '
0
+ E I j h v  . 
i  i
( 3 . 6 )
T h e  s e c o n d  t e r m ,  t h e  z e r o  p o i n t  e n e r g y  o f  t h e  l a t t i c e  
v i b r a t i o n s  c a n  b e  e s t i m a t e d  u s i n g  t h e  D e b y e  a p p r o x i m a t i o n .  
F o r  a D e b y e  t e m p e r a t u r e  o f  1 0 0 ° K  w h i c h  i s  t y p i c a l  o f  a r o ­
m a t i c  h y d r o c a r b o n s  ( P a w l e y ,  1 9 6 7 )  i t  h a s  t h e  v a l u e  0 . 2 5
_ l
k c a l . m o l e  . When c o m p a r e d  t o  t h e  l a t t i c e  e n e r g y  ( o f  t h e
_ 1
o r d e r  1 0 - 2 0  k c a l . m o l e  ) i t  c a n  b e  i g n o r e d .  T h e  o u t c o m e  
i s  t h a t  t h e  e q u i l i b r i u m  s t r u c t u r e  o f  a n  o r d e r e d  c r y s t a l
35 .
is one of minimum lattice energy (if zero point lattice 
motions are neglected). This quantity can be equated with 
the experimentally determined heat of sublimation (at 0°K) 
For strict comparison of the calculated structure 
with the observed structure, data at absolute zero are 
required. Generally, data only exist at room temperature. 
However, since the variation of structure with temperature 
is usually very small, this point is of little consequence
3 . 3 0 RDER-PIS ORDER TRANSITIONS
For a first order transition, the enthalpy change 
is given by equation (2.6) :
AH = TAS .
The free energy of the disordered crystal at a temperat­
ure T immediately above the transition point is
„ „ord. mo 1. m ._Ft = Ft + Ft + TAS
pdisord. + pm o 1.
T T
where the superscripts refer to contributions from the 
ordered and disordered lattices and from the molecules. 
This leads to the equality
F ' = F + TAS (3.7)T T
where the prime distinguishes the disordered from the 
ordered lattice. The free energy can be expanded as
F = E a + ? ^hV, + /TC dT - TS (3.8)0 i i 0 P
where Cp (the heat capacity at constant pressure) and S
h a v e  o n l y  l a t t i c e  c o n t r i b u t i o n s .  I f  i t  i s  a s s u m e d  t h a t  
t h e  e n t r o p y  c h a n g e  f o r  t h e  t r a n s i t i o n  a r i s e s  m a i n l y  f r o m  
c o n f i g u r a t i o n a l  r a n d o m n e s s  a n d  t h a t  t h e  z e r o  p o i n t  e n e r g y ,  
t h e  e n t r o p y  a n d  t h e  h e a t  c a p a c i t y  f o r  t h e  d i s o r d e r e d  a n d  
o r d e r e d  c r y s t a l s  a r e  t h e  s a m e ,  t h e  s i m p l e  r e l a t i o n s h i p  
( 3 . 9 )  h o  1 d s  :
3 6  .
E + TAS c o n  f l g ( 3 . 9 )
T h a t  i s ,  t h e  d i f f e r e n c e  i n  i n t e r m o 1 e c u l a r  i n t e r a c t i o n  
e n e r g y  b e t w e e n  t h e  o r d e r e d  a n d  d i s o r d e r e d  p h a s e s  ( i f  t h e  
l a t t e r  w e r e  u n d e r c o o l e d  t o  a b s o l u t e  z e r o )  i s  t h e  c o n f i g ­
u r a t i o n a l  e n t r o p y  t e r m  f o r  t h e  t r a n s i t i o n  (TAS . ) .
c o n  f i g .
W h a t  j u s t i f i c a t i o n  c a n  b e  m a d e  f o r  n e g l e c t i n g  t h e  
o t h e r  t e r m s ?  A l l  t h a t  i s  r e q u i r e d  i s  t h a t  t h e  d i f f e r e n c e s  
b e t w e e n  t e r m s  f o r  e a c h  p h a s e  b e  v e r y  s m a l l .  C e r t a i n l y ,  
t h e  d i f f e r e n c e  i n  l a t t i c e  f r e q u e n c i e s  c a n n o t  b e  m o r e  t h a n  
s e v e r a l  p e r c e n t  s o  t h a t  o n e  m i g h t  e x p e c t  e r r o r s  o f  t h e  
o r d e r  o f ,  10 p e r c e n t  s a y ,  i n  e a c h  t e r m .  F o r  t h e  z e r o  
p o i n t  e n e r g i e s ,  t h e  d i f f e r e n c e  w i l l  b e  n e g l i g i b l e  c o m ­
p a r e d  t o  t h e  o t h e r  t e r m s .  T h e  h e a t  c a p a c i t y  t e r m  c a n  b e  
e s t i m a t e d  u s i n g  t h e  D u l o n g  a n d  P e t i t  L a w .  A t  1 3 0 ° K ,
/ T C d T  = 6 RT
0 P
_ 1
= 1 . 6  k c a l . m o l e
As  t h i s  i n c l u d e s  t h e  c o n t r i b u t i o n  f r o m  m o l e c u l a r  
v i b r a t i o n s ,  0 . 2  k c a l . m o l e  i s  a g e n e r o u s  e s t i m a t e  o f  t h e  
e r r o r  d u e  t o  l a t t i c e  v i b r a t i o n s  a l o n e .  J u d g i n g  b y  t h e  
r e p r e s e n t a t i v e  o r g a n i c  c o m p o u n d s  l i s t e d  i n  W e s t r u m  a n d  
M c C u l l o u g h  ( 1 9 6 3 )  t h e  t o t a l  TS t e r m  i s  g e n e r a l l y  a b o u t  
d o u b l e  t h e  h e a t  c a p a c i t y  t e r m ,  s o  t h a t  i t s  e r r o r  c a n  b e
e s t i m a t e d  a s  0 . 4  k c a l . m o l e
1
T h e  c o n c l u s i o n  i s  t h a t  t h e  
e r r o r  i n  u s i n g  e q u a t i o n  ( 3 . 9 )  t o  r e l a t e  t h e  l a t t i c e
e n e r g i e s  ( n e g l e c t i n g  t h e  z e r o  p o i n t  e n e r g y )  o f  t h e  o r d e r e d
_1
a n d  d i s o r d e r e d  p h a s e s  i s  a b o u t  0 . 5  k c a l . m o l e
G i v e n  t h e  a s s u m p t i o n s  t h a t  h a v e  b e e n  m a d e ,  t h e  f a c t  
t h a t  a  t r a n s i t i o n  ma y  b e  o f  a  h i g h e r  o r d e r  d o e s  n o t  
n e g a t e  t h e  b a s i c  c o n c l u s i o n  e x p r e s s e d  b y  e q u a t i o n  ( 3 . 9 )  .
I f  t h e  d i f f e r e n c e s  b e t w e e n  t h e  t e r m s  i n  ( 3 . 8 )  ( e x c e p t i n g  
E q ) a r e  a s s u m e d  s m a l l  f o r  t h e  o r d e r e d  a n d  d i s o r d e r e d  
p h a s e s  b e y o n d  t h e  t r a n s i t i o n  r e g i o n ,  i t  i s  r e a s o n a b l e  t o  
m a k e  t h e  s a m e  a s s u m p t i o n  f o r  t h e  i n t e r m e d i a t e  p h a s e s  w h i c h  
e x i s t  i n  t h e  t r a n s i t i o n  r e g i o n .
T h e r e  i s  e v i d e n c e  f r o m  c r y s t a l l o g r a p h i c  ( W e l b u r y ,
1 9 7 0 )  a n d  n u c l e a r  m a g n e t i c  r e s o n a n c e  s t u d i e s  ( C h a p t e r  4)  
t h a t  s i x  d i f f e r e n t  o r i e n t a t i o n s  a r e  p o s s i b l e  a t  a  g i v e n  
m o l e c u l a r  s i t e  i n  t h e  a c e n a p h t h y l e n e  c r y s t a l .  F o r  o n e  
m o l e  o f  t h e  c r y s t a l ,  t h e  e n t r o p y  o f  t h e  t r a n s i t i o n  i s
k I n  6 w h e r e  i s  A v o g a d r o ' s  n u m b e r .  A t  a  t r a n s i t i o n
t e m p e r a t u r e  o f  1 3 0 ° K ,  t h e  d i f f e r e n c e  i n  l a t t i c e  e n e r g i e s
_ 1
b e t w e e n  t h e  o r d e r e d  a n d  d i s o r d e r e d  p h a s e  i s  0 . 5  k c a l . m o l e  
w i t h  a  p o s s i b l e  1 0 0  p e r c e n t  e r r o r .  F r o m  t h e  c r y s t a l l o ­
g r a p h i c  r e s u l t s  d e s c r i b e d  i n  C h a p t e r  2 ,  v a r i o u s  m o d e l s  
i n c l u d i n g  t h a t  s u g g e s t e d  b y  W e l b u r y  c a n  b e  s e t  u p  f o r  
t h e  d i s o r d e r e d  p h a s e .  L a t e r  i n  t h i s  c h a p t e r  c a l c u l a t i o n s  
o f  m i n i m u m  l a t t i c e  e n e r g y  o f  t h e  d i s o r d e r e d  p h a s e  f o r  e a c h  
m o d e l  a r e  d e s c r i b e d .  T h e i r  s u i t a b i l i t y  a s  a  m o d e l  c a n  b e  
c r u d e l y  t e s t e d  u s i n g  t h e  c r i t e r i o n  ( 3 . 9 ) .
T h e  f o r e g o i n g  d i s c u s s i o n  p o i n t s  t o  t h e  n e e d  f o r  a 
c o m p l e t e  t h e r m o d y n a m i c  s t u d y  o f  t h e  a c e n a p h t h y l e n e  
c r y s t a l .  O n l y  t h e n  w i l l  i t  b e  p o s s i b l e  t o  c a r r y  o u t
3 7  .
3 8  .
q u a n t i t a t i v e l y  m e a n i n g f u l  c a l c u l a t i o n s .  T h a t  b e i n g  s o ,  
t h e  c r u d e  c a l c u l a t i o n s  d e s c r i b e d  i n  t h i s  c h a p t e r  d o  g i v e  
h e l p f u l  i n s i g h t  i n t o  t h e  o r d e r - d i s o r d e r  p h e n o m e n o n  i n  
a c e n a p h t h y l e n e ,  i f  n o t  q u a n t i t a t i v e  r e s u l t s .
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To p r o g r e s s  f u r t h e r ,  s e v e r a l  m o r e  a s s u m p t i o n s  m u s t  
b e  m a d e :
( 1 )  A l l  a s p e c t s  o f  t h e  c r y s t a l  s y m m e t r y  ( n a m e l y ,  t h e  
s p a c e  g r o u p  a n d  s i t e  s y m m e t r i e s )  a r e  k n o w n .
( 2 )  As i t  i s  c l e a r l y  i m p o s s i b l e  t o  h a v e  a  c o m p l e t e  
k n o w l e d g e  o f  t h e  p o t e n t i a l  f u n c t i o n  f o r  a l l  n o r m a l  d i s ­
p l a c e m e n t s  o f  t h e  c r y s t a l ,  t w o  a p p r o x i m a t i o n s  a r e  m a d e .  
F i r s t l y ,  o n l y  t w o  b o d y  i n t e r a c t i o n s  a r e  c o n s i d e r e d  s o  
t h a t  t h e  t o t a l  i n t e r a c t i o n  e n e r g y  i s  a  s u m  o f  p a i r w i s e  
i n t e r a c t i o n s .  I n  a d d i t i o n ,  a  p a r t i c u l a r  f u n c t i o n a l  
f o r m  f o r  t h e  i n t e r a c t i o n  p o t e n t i a l  i s  a s s u m e d .
T h r e e  d i s t i n c t  a p p r o a c h e s  t o  t h i s  c a l c u l a t i o n  c a n  
b e  d i s c e r n e d  i n  t h e  l i t e r a t u r e .  T h e y  a r e  d i s t i n g u i s h e d  
b y  t h e  f o r m  t a k e n  b y  t h e  i n t e r a c t i o n  p o t e n t i a l  a n d  w i l l  
n o w  b e  d e s c r i b e d .
3 . 4 1  T h e  A t o m - A t o m  M e t h o d
T h i s  a p p r o a c h  w h i c h  i s  l a r g e l y  d u e  t o  K i t a i g o r o d -  
s k i i  ( 1 9 6 2 ,  1 9 6 5 )  e x p r e s s e s  t h e  i n t e r a c t i o n  a s  a n  e x p - 6
p o t e n t i a l  b e t w e e n  a l l  n o n - b o n d e d  a t o m s  o n  d i f f e r e n t  
mo 1 e c u l e s  :
_ 6
V ( r )  = A r  + B e x p  ( - C r )  ( 3 . 1 0 )
w h e r e  t h e  i n t e r a t o m i c  d i s t a n c e  i s  r .  T h e  f i r s t  a n d
s e c o n d  t e r m s  g i v e  t h e  d i s p e r s i o n  a n d  r e p u l s i v e  e n e r g i e s
r e s p e c t i v e l y .  T h e  e m p i r i c a l l y  d e t e r m i n e d  c o e f f i c i e n t s  
A,  B ,  C h a v e  b e e n  e l a b o r a t e d  b y  W i l l i a m s  ( 1 9 6 5 ,  1 9 6 6 )  a n d
g i v e n  s o m e  t h e o r e t i c a l  j u s t i f i c a t i o n  b y  R a e  a n d  M a s o n  
( 1 9 6 8 )  a n d  M a s o n  a n d  R a e  ( 1 9 6 8 )  . T h i s  a p p r o a c h  h a s  b e e n  
u s e d  s u c c e s s f u l l y  t o  p r e d i c t  t h e  e q u i l i b r i u m  s t r u c t u r e s  
a n d  l a t t i c e  e n e r g i e s  ( t o  a b o u t  30 p e r c e n t )  o f  m o l e c u l a r  
c r y s t a l s  ( K i t a i g o r o d s k i i , 1 9 6 2  ; R o b e y ,  1 9 7 0 )  . T h e
s a m e  p o t e n t i a l  f u n c t i o n  h a s  a l s o  p r o v i d e d  a r e a s o n a b l e  
q u a n t i t a t i v e  m o d e l  f o r  t h e  l a t t i c e  d y n a m i c s  o f  
n a p h t h a l e n e  ( P a w l e y ,  1 9 6 7  ; K i t a i g o r o d s k i i ,  1 9 7 0 )  .
T h e  l a t t i c e  e n e r g y  o f  a  c r y s t a l  i s
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E 0 ^  V  Wa , b ab
( 3 . 1 1 )
t h e  s u m m a t i o n  b e i n g  o v e r  a l l  n o n - b o n d i n g  a t o m s  a  a n d  b
f o r  w h i c h  t h e  i n t e r a c t i o n ,  V , i s  g i v e n  b y  ( 3 . 1 0 )  .a b
S i n c e  t h e  f u n c t i o n  V ( r )  f a l l s  a w a y  r a p i d l y  w i t h  i n c r e a s ­
i n g  r ,  t h e  s u m m a t i o n  i s  c u t  o f f  f o r  a l l  i n t e r n u c l e a r  
d i s t a n c e s  g r e a t e r  t h a n  6& g i v i n g  r i s e  t o  o n l y  a  s m a l l  
e r r o r .  G e n e r a l l y ,  o n l y  n e a r e s t  n e i g h b o u r  m o l e c u l e s  n e e d  
b e  i n c l u d e d  i n  t h e  c a l c u l a t i o n .  F o r  a  u n i t  c e l l  o f  N 
m o l e c u l e s ,  t h e r e  a r e  6N d e g r e e s  o f  f r e e d o m ,  s o m e  o f  
w h i c h  ma y  b e  d e t e r m i n e d  b y  t h e  c r y s t a l  s y m m e t r y .  T h e  
e q u i l i b r i u m  s t r u c t u r e  o f  t h e  c r y s t a l  i s  f o u n d  b y  m i n i ­
m i s i n g  t h e  l a t t i c e  e n e r g y  w i t h  r e s p e c t  t o  t h e  6N d e g r e e s  
o f  f r e e d o m .  T h e  c h a n g e s  i n  c o o r d i n a t e s  m u s t  p r e s e r v e  t h e  
c r y s t a l  s y m m e t r y .  T h i s  c a n  b e  d o n e  i n  t w o  w a y s .  A l l  
d e g r e e s  o f  f r e e d o m  s a v e  o n e  c a n  b e  k e p t  c o n s t a n t  a n d  t h e  
l a t t i c e  e n e r g y  c a l c u l a t e d  a s  a f u n c t i o n  o f  t h i s  o n e  
v a r i a b l e .  T h i s  m e t h o d  i s  u s e f u l  w h e n  t h e  c r y s t a l  
s t r u c t u r e  i s  k n o w n  t o  c o n s i d e r a b l e  p r e c i s i o n .  A l t e r n -
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atively, all degrees of freedom may be varied and a 
minimisation technique (such as the simplex method) em­
ployed. This is particularly useful when only the crystal 
symmetry is known. The lattice energy is usually mini­
mised to within a few degrees of rotation and a few 
hundredths of an angstrom of translation from the 
observed structure. In fact, it suffices to minimise 
only the repulsive energy as the attractive part does 
not vary so strongly with displacement. In any case, the 
lattice energies obtained are probably accurate to about 
30 pe rcen t .
3.42 The Molecule-Molecule Approach
In this view which has been developed by Craig e_t a 1 . 
(1965a, b ) , the intermolecular interaction energy is ex­
pressed as the sum
W W elect. + W disp. + W ,rep . (3.12)
the first two terms representing the attractive energies 
arising from the interaction of static multipole moments 
(electrostatic term) and induced multipole moments (dis­
persion term). The interaction potential is molecule- 
molecule in character and is evaluated by expanding the 
potential as a multipole series about the molecular 
centres. The remaining term gives atom-atom repulsions 
corresponding to orbital penetrations.
The treatment of the attractive terms (following 
Craig e_t auL. ( 1965b)) will now be outlined. Provided the 
molecules are far enough apart so that there is no over­
lap of electron clouds, the interaction is electrostatic
and can be treated as a perturbation to the free molecule
41 .
energies. The perturbation operator is expanded as a 
multipole series about the centres of two molecules a and 
b and only the first term, the dipole-dipole interaction 
given by (3.13) is retained.
- 51 (M . Mn ) r" - 3 (M .r)(M, . r) jI — a —b — a — —b — J (3.13)
where r_ is the position vector connecting the dipoles
M , M, . The interaction energy between the two molecules — a —b
is the sum, E , + D , whereab ab
0 0 0 0 M M. I , — a— b ab (3.14)
and
M 3!011 
■ M° Z =£____- a ..j
M1 !10 0 z ~a ab
-b i^O , i
. ( M V i Mbhhb 2E — a —b ab
i^O j^O A E 1 + AE,j a b
(3.15)
The expressions for the electrostatic, E a n d  dispersion,
D interactions depend only on the permanent ground
0state dipole moment, M , the various transition moments,3
M 1 and energies, AE^ of the free molecule and a geo-3 3
metrical factor 1 ^  which is the interaction of unitab
dipoles on a and b having the same polarisation directions
as the moments and . The sums are over all excited— a —b
states of the free molecule.
The attractive contribution to the lattice energy,
haEk E/b ab + h E! D a , b ab (3.16)
can be shown to depend in a simple way on the molecular
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q u a n t i t i e s  a n d  a  g e o m e t r i c a l  f a c t o r ,  e i t h e r  a  s u m  o f  
d i p o l e - d i p o l e  o r  s q u a r e s  o f  d i p o l e - d i p o 1 e i n t e r a c t i o n s ,  
w h i c h  i s  i n d e p e n d e n t  o f  a n y  m o l e c u l a r  q u a n t i t y  a n d  c a n  
b e  e v a l u a t e d  t o  h i g h  p r e c i s i o n  i f  t h e  c r y s t a l  s t r u c t u r e  
i s  a c c u r a t e l y  k n o w n .  T h e  e l e c t r o s t a t i c  c o n t r i b u t i o n  t o  
t h e  l a t t i c e  e n e r g y  i s  t h u s
Welect. h . ( MX) Z,I k  a  , b  a b ( 3 . 1 7 )
w h e r e  x  i s  t h e  p o l a r i s a t i o n  d i r e c t i o n  o f  t h e  g r o u n d  
x
s t a t e  m o m e n t .  M .
T h e  r e p u l s i v e  f o r c e s  a r i s e  f r o m  o v e r l a p  o f  c h a r g e  
d i s t r i b u t i o n s  o n  n e i g h b o u r i n g  m o l e c u l e s  a n d  a r e  b r i e f l y  
d e s c r i b e d  b e l o w .  P r o v i d e d  t h a t  t h e y  a r e  n o t  l a r g e ,  t h e  
a p p r o x i m a t i o n  ( 3 . 1 2 )  f o r  t h e  l a t t i c e  e n e r g y  i s  a  c l o s e  
o n e  .
T h i s  a p p r o a c h  h a s  b e e n  a p p l i e d  t o  b e n z e n e  a n d  
n a p h t h a l e n e  ( C r a i g  e t  a l . ,  1 9 6 5 a ,  b ) . T h e  m a i n  c o n c l u s ­
i o n s  w e r e  t h a t  t h e  d e p e n d e n c e  o f  e l e c t r o s t a t i c  e n e r g i e s  
o n  s m a l l  r o t a t i o n s  o f  t h e  m o l e c u l e s  a b o u t  t h e i r  L-,  M- a n d  
N—a x e s  i s  n e a r l y  l i n e a r  f o r  n a p h t h a l e n e  a n d  i s  m i n i m i s e d  
c l o s e  t o  t h e  e q u i l i b r i u m  o r i e n t a t i o n  f o r  b e n z e n e .  T h e  
e l e c t r o s t a t i c  e n e r g y  i s  q u a d r u p o 1 e - q u a d r u p o 1 e  i n  n a t u r e  
f o r  t h e  m o l e c u l e s  d o  n o t  p o s s e s s  a  p e r m a n e n t  d i p o l e  
m o m e n t .  I n  e a c h  c a s e  t h e  c o n t r i b u t i o n  t o  t h e  l a t t i c e  
e n e r g y  i s  s m a l l  s o  t h a t  t h e  r o l e  i n  d e t e r m i n i n g  t h e  
m o l e c u l a r  o r i e n t a t i o n s  i n  t h e  e q u i l i b r i u m  s t r u c t u r e  m u s t  
b e  n e g l i g i b l e .  T h e  d i s p e r s i o n  e n e r g y  ( i n  p a r t i c u l a r  t h e  
l a s t  t e r m  i n  ( 3 . 1 5 ) )  f o r m s  t h e  m a j o r  c o n t r i b u t i o n  t o  t h e  
a t t r a c t i v e  e n e r g y .  I t  a l s o  h a s  n e g l i g i b l e  i n f l u e n c e  i n  
d e t e r m i n i n g  t h e  e q u i l i b r i u m  m o l e c u l a r  o r i e n t a t i o n s  a s
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it is approximately constant for the small displacements 
just described.
Examination of the repulsive forces showed a strong 
dependence on molecular orientation. These short range 
forces have always been represented by the empirical 
exponential function as in equation (3.10) . Craig e_t al. 
(1965a) and Bannerjee and Salem (1966) also provide an 
estimate of this term using the quantum mechanical ex­
change integral. The repulsive potential is approxi-
2mated as proportional to S /R where S is the overlap 
integral and R the internuclear distance. Both 
functions are similarly shaped with deep minima within 
several degrees of rotation about the molecular axes of 
the observed equilibrium structure. Craig e t al. ( 19 6 5a)
concluded that the repulsive energy, especially that 
arising from hydrogen-hydrogen contacts/ determines the 
equilibrium structure of aromatic crystals.
The main criticism of the method is that the 
multipole expansion may not be valid for the short 
distances between molecules in crystals. This has been 
examined by Craig and Thirunamachandran (1964) . The 
condition for validity is that the charge distributions 
of each molecule lie within separate spheres which do not 
touch. Hence , in molecular crystals the interactions 
between nearest neighbours will often give rise to error 
in the dipo1e-dipole summations over the whole crystal. 
When the charge clouds overlap, the problem can be avoided 
by partitioning the dipole moment over the whole molecule. 
Another difficulty of the method is that retention of only 
the dipole-dipo1e term in the multipole expansion leads
to serious errors when the contribution is small either 
as a result of cancelling to give small lattice sums 
or because the dipoles themselves are small. In these 
cases higher multipoles should be included in calculat­
ions .
3.43 The Bond-Bond Approach
Rae and Mason (1968), in an effort to avoid the 
problems inherent in the previous approaches, considered 
that the dispersion interaction was better calculated 
as a sum of localised bond-bond interactions. They 
predicted lattice energies and unit cell dimensions to 
within a few percent for benzene and s-triazine (Rae 
and Mason, 1968; Mason and Rae, 1968). An important 
difference between the molecule-molecule and bond-bond 
methods is that the latter involves the calculation of 
quantum mechanical averages for the electrons in a local­
ised bond (or delocalised in the case of tt electrons) , 
requiring assumptions about the atomic orbitals which 
form the bonds. The former approach has the distinct 
advantage of depending only on empirical quantities 
(not always available) for its evaluation.
3.5 APPLICATIONS TO SOLID ACENAPHTHYLENE
In an attempt to gain some insight into the nature 
of the order-disorder transition and the disordered 
phase itself, four separate calculations have been made:
(1) The equilibrium structure of the ordered phase 
has been investigated using the atom-atom method.
(2) The electrostatic contribution to the lattice 
energy of the ordered phase was evaluated by the
44 .
molecule-molecule method.
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(3) The possibility of facile molecular reorientation 
about the normal axis of a molecule in the ordered phase 
has been examined for each crysta1lographical1y distinct 
set.
(4) The feasibility of several models for the dis­
ordered phase has been examined and the calculated lattice 
energies and equilibrium structures have been compared
to the ordered phase.
Less extensive calculations, related to (1) and 
(3) above, have been made by Welbury (1970) using the 
atom-atom method and the parameters of Kitaigorodskii .
Only hydrogen-hydrogen repulsions were considered with 
summations over all contacts less than 4&. These 
calculations will be described in the relevant sections, 
but the details will be necessarily brief as only short 
reports of his work and not the completed thesis were 
available to the author.
3.51 The Equilibrium Structure of the Ordered Phase
The crystal structure has been discussed in section 
2.52. The important feature for these calculations is 
that it contains three crystallographically inequivalent 
sets of molecules, A, B and C. Molecules in sets A and 
B occupy special positions in the unit cell which limit 
the number of degrees of freedom the molecules may 
possess, but for molecules in set C, no restrictions 
exist.
The lattice energy was evaluated as a function of 
molecular displacement using the atom-atom method and 
the parameters of Rae and Mason (1968) . All contacts 
less than 6A were included. The molecular displacements
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are defined as follows. Only rotations about the L—, M— 
and N-molecular axes are considered. The molecular 
centres and unit cell lengths remain fixed. For the 
rotations a reference molecule belonging to a given set 
is chosen. The angle of twist about the L-axis is 
positive if the sense of rotation is from the M-to N- 
axes. The rotations about the M-and N-axes are 
similarly defined by maintaining the cyclic order of 
axes. For a given angle of rotation, all the other 
molecules of the set are generated from the reference 
molecule by the space group operations so that the 
space group symmetry is preserved. The molecules in the 
other sets remain stationary. The direction cosines, 
definitions of generators and molecular centres together 
with the molecular structures are tabulated in Appendix 
1. The hydrogen repulsion centres have been shifted 
0.07A along the C-H bond in the direction of the carbon 
atom as suggested by Williams (1965) .
Three separate calculations of lattice energy for 
rotations of molecules in each of the crystallographic- 
ally distinct sets were performed using a program 
written for an IBM 360/50 computer and described in 
Appendix 5. For sets A and B, the molecules have only 
one degree of freedom (rotation about the L-axis) but 
for set C, rotation about all three axes is allowed.
The results are set out in figure 3.1.
It is apparent that for the displacements consid­
ered, the repulsive and total lattice energies are 
minimised within a few degrees of the observed 
structure, demonstrating that the structure refined by
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Welbury (1970) is compatible with that predicted by 
calculations of molecular packing in the crystal. Using 
this method, Welbury came to the same conclusion, but 
based only on a consideration of rotation of molecules 
belonging to set C about their N-axes.
The attractive contribution to the lattice energy 
shows a reasonably strong dependence on molecular dis­
placement in contrast to the results of Craig e_t al.
( 1965a, b) using the mo 1ecule-molecule approach. The 
reason for this presumably lies in the assumption of 
the atom-atom method that the attractive interaction 
resides wholly on the atomic centres. This may be 
physically reasonable for a electrons but for the de­
localised tt electron system, the interaction is more 
correctly considered as a mo1ecule-centred interaction 
having a much smaller dependence of energy on molecular 
disp1a cemen t .
The more energetically favoured rotation is about 
the N-axis of molecules belonging to set C. This 
suggests that disorder due to molecular reorientation 
would occur most easily about this axis which is to be 
expected from a consideration of the crystal structure 
(figure 2.4). This point will be returned to later.
The last observation is that the calculated value of the 
lattice energy of acenaphthylene (-14.1 kcal.mole *) is 
of the correct magnitude for crystals of aromatic 
molecules. It lies between the values of the heat of 
sublimation (corrected to 0°K (Rae and Mason, 1968)) for
benzene (-11.8) and naphthalene (-19.4) (Westrum and
McCullough, 1963).
3 . 5 2 E l e c t r o s t a t i c  C o n t r i b u t i o n  t o  t h e  L a t t i c e  E n e r g y  
W h i l e  i t  i s  c e r t a i n  t h a t  e l e c t r o s t a t i c  i n t e r a c t i o n s  
p l a y  a n e g l i g i b l e  r o l e  i n  d e t e r m i n i n g  t h e  e q u i l i b r i u m  
s t r u c t u r e  o f  a c r y s t a l ,  t h e y  may b e  o f  c o n s i d e r a b l e  i m ­
p o r t a n c e  wh e n  o r d e r - d i s o r d e r  t r a n s i t i o n  e x i s t s  ( B r o t  a n d  
D a r m o n , 1 9 7 0 ;  K i t a i g o r o d s k i i , 1 9 6 5 ) .  A l t h o u g h  i t  i s
o n l y  a s m a l l  t e r m  i n  an a b s o l u t e  s e n s e ,  t h e  c h a n g e s  i n  
m a g n i t u d e  may b e  s u f f i c i e n t  t o  a l t e r  t h e  r e l a t i v e  l a t t i c e  
e n e r g i e s  f o r  t h e  o r d e r e d  a n d  d i s o r d e r e d  p h a s e s .
F o r  t h i s  r e a s o n ,  an  e s t i m a t e  o f  i t s  m a g n i t u d e  a n d  
d e p e n d e n c e  on  m o l e c u l a r  d i s p l a c e m e n t s  f o r  t h e  o r d e r e d  
p h a s e  o f  a c e n a p h t h y l e n e  h a s  b e e n  ma d e  u s i n g  t h e  m o l e c u l e -  
m o l e c u l e  a p p r o a c h .  O n l y  i n t e r a c t i o n s  b e t w e e n  t h e  
p e r m a n e n t  d i p o l e  m o m e n t s  a r e  c o n s i d e r e d .  T h e  s a me  
m o l e c u l a r  d i s p l a c e m e n t s  d e s c r i b e d  i n  t h e  p r e v i o u s  c a l c u ­
l a t i o n  w e r e  u s e d .  Th e  p r o g r a m  f o r  t h e  c a l c u l a t i o n  i s  
d e s c r i b e d  i n  A p p e n d i x  2 .  T h e  r e s u l t s  w h i c h  a r e  d i s ­
p l a y e d  i n  f i g u r e  3 . 2  w e r e  e v a l u a t e d  f r o m  t h e  l a t t i c e  
s u ms  o f  d i p o 1 e - d i p o 1 e i n t e r a c t i o n s  t a b u l a t e d  i n  A p p e n d i x  
3 .  T h e  e n e r g y  s c a l e  a s s u m e s  a d i p o l e  m o m e n t  o f  1 De b y e  
( 0 . 2 0 8  e - R )  f o r  a c e n a p h t h y l e n e .
Th e  e l e c t r o s t a t i c  c o n t r i b u t i o n  i s  s m a l l  ( a b o u t  0 . 1 3
-  1
k c a l . mo l e  ) f o r  t h e  o b s e r v e d  e q u i l i b r i u m  s t r u c t u r e .
W h a t  i s  i n t e r e s t i n g  i s  t h a t  o n l y  f o r  r o t a t i o n s  a b o u t  t h e  
N - a x i s  o f  m o l e c u l e s  i n  s e t  C i s  t h e  e l e c t r o s t a t i c  e n e r g y  
a l m o s t  c o n s t a n t .  ( F o r  t h e  M - a x i s  r o t a t i o n ,  i t  i s  e x p e c t e d  
t o  b e  c o n s t a n t  a s  t h e  d i p o l e  m o m e n t  l i e s  a l o n g  t h i s  a x i s . )  
T h e  d i s o r d e r i n g  p r o c e s s  r e q u i r e s  n o  c h a n g e  i n  o r i e n t a t i o n  
o f  t h e  m o l e c u l a r  p l a n e s  ( v i d e  i n f r a ) , o n l y  a r e o r i e n t a t i o n  
w i t h i n  t h e  p l a n e  ( t h a t  i s ,  a b o u t  t h e  N - a x i s ) . I s  t h e
50  .
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result an indication that electrostatic (permanent 
dipole-dipole) interactions are unimportant as far as 
the phase transition is concerned? Should the answer 
be in the affirmative, electrostatic interactions 
arising from higher multipoles may still be important 
as they possess a different dependence on molecular 
displacements.
3.53 The Feasibility of Molecular Reorientation in 
the Ordered Phase
To investigate the suggestion that molecular re­
orientation about the N-axis in the ordered phase is 
the mechanism of the disorder process, calculations were 
performed in which one molecule was allowed to rotate 
about this axis while the remainder were kept stationary. 
For a molecule of each crystallographic species, the 
intermolecular interaction energy was evaluated at 10 
degree intervals using the atom-atom method as before.
For molecules in sets A and B, only rotations through
180 degrees need be considered as they possess C site1 h
symmetry. The results are plotted in figure 3.3.
How are the curves in this figure to be interpreted? 
For small rotations of the molecule from the equilibrium 
orientation, they give quantitative estimates (to about 
30 percent) of the intermo1ecular interactions. Since 
the interatomic potential is parameterised to fit the 
lattice energy at the equilibrium structure of a 
crystal where the closest hydrogen-hydrogen contacts 
are about 2.6A, the same potential will almost certainly 
be much less accurate for the much closer contacts that 
occur for larger displacements from the equilibrium
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FIGURE 3-3. Variation of intermolecular interaction 
energy of an acenaphthylene molecule in (a) set A 
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for rotation about its N-axis.
66
5 8
5 0
4 2
3 6
2 8
20
10
2
- 6
■ f 4
22
3 0
5 4 .
A TT R A C T IV E  ENERGY
REPULSIVE ENERGY
T O T A L  ENERGY
120 150 180
ANGLE (degrees) 
F IG U R E  3-3b.
48
50
52
54
36
34
32
30
28
26
24
22
2 0
-18
-20
-2 2
-24
-26
-28
-30
5 5 .
ATTRACTIVE ENERGY
REPULSIVE ENERGY
60 120 180 240 300 360
ANGLE (degrees)
FIGURE 3 3c.
56 .
orientation. However, for similar rotations about the
L- and M-axes, the energy ordinate rises to hundreds of
_ 1
kcal.mole , that is an order of magnitude larger than 
for rotation about the N-axis, showing that the latter 
rotation must be the preferred path for a molecular 
reorientation.
The calculated maximum barrier heights of 6.5,
10 and 36 kcal.mole 1 for rotation of a molecule in 
sets A, C and B respectively may well be 100 percent 
or more in error. Are energy barriers of these mag­
nitudes compatible with thermal reorientation? In the 
case of benzene, the energy barrier to reorientation
about the molecular hexad axis, which begins at 100°K,
_ lis 3.7 kcal.mole from nuclear magnetic resonance 
experiments (Andrew and Eades, 1953b). For hexafluoro-
benzene, the energy barriers for two distinct reorien-
otational motions, beginning at 90 and 150 K are 
respectively 2.85 and 7.0 kcal.mole 1 (Albert,
Gutowsky and Ripmeester, 1972). Considering the 
probable errors in the calculated energy barriers for 
acenaphthylene, it can be concluded that thermal re­
orientation is feasible even at quite low temperatures. 
The nuclear magnetic resonance experiments described 
in the following chapter conclusively demonstrate the 
onset of molecular reorientation at approximately 
90 K. The more interesting feature of the calculation 
is the prediction that motion of a molecule in set 
A or C will occur far more easily than for a molecule 
in set B. This suggests that the characteristic
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temperature at which molecular reorientation takes place 
at a given rate will depend to some extent on the 
molecular site, even though the initial motions of 
some molecules will alter (and probably reduce) the 
energy barriers to reorientation of other molecules.
In other words, the onset of orientational freedom is 
a cooperative process. Once again, NMR experiments 
provide some support, but certainly do not prove, these 
contentions. One can conclude that calculations 
employing the atom-atom method appear to give 
a qualitative description of the disorder process in 
ace naphthy 1ene.
Welbury has carried out a similar calculation for 
a molecule in set C, obtaining a curve in good agreement 
with figure 3.3c. He concluded that the energy barriers 
would not be expected to be easily surmountable at room 
temperatures, but that a coordinated movement of 
surrounding molecules at the same time would produce 
lower barriers.
The diagrams of the energy curves warrant closer 
examination. Inspection of the crystal structure of the 
ordered form (figure 2.4) and recalling that the molecular 
structure can be thought of as having a pseudo-threefo1d 
axis normal to the plane, it would seem that the minima in 
the intermolecular energy for rotation of a molecule about 
its N-axis would correspond to 120 and 240 degrees rotat­
ion from the initial position. While some of these posit­
ions are of lowest energy, it is clear that other inter­
mediate positions possess approximately the same energies. 
While molecular reorientation about the N-axis is a
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feasible mechanism for the disorder process, it is by no 
means clear what disordered state will arise. Certainly, 
a more complicated motion than reorientation about a 
pseudo-threefoId axis is suggested.
In arriving at the conclusion that molecular re­
orientation in the plane of the molecule is a feasible 
mechanism for disorder, no thought has been given to the 
possibility that the planes may adopt a different 
orientation than in the ordered phase. This point will 
now be pursued.
3.54 Disorder in the Room Temperature Phase
Simple calculations which shed light on the nature 
of the disordered state have been made. Welbury has 
suggested that the disordered phase consists of small 
ordered regions of acenaphthene-like structure. These 
are distributed throughout the crystal in such a way 
that the molecular sites have twofold symmetry. If 
these regions are large enough, then they will appear 
like miniature crystals, having the repulsive and total 
lattice energy minimised at their equilibrium structure. 
From considerations of symmetry alone, there must be 
two molecular orientations per site which are related 
by the twofold crystal axis. If for each orientation, 
the molecule may have three distinct arrangements in the 
plane (that is, it has a pseudo-threefoId N-axis) there 
will exist six distinct orientations for each site. For 
random occupation of the allowed orientations at the 
sites in the crystal, this corresponds to an extreme 
which is different to Welbury's idea of ordered regions
throughout crystal.
In order to probe the two possibilities, lattice 
energy calculations were performed on model ordered 
regions of crystal. Four different model unit cells, 
each consisting of two crystallographically inequivalent 
layers were set up (as in figure 3.4) . Molecules in a 
layer are related by one or other of the glide planes of 
the space group Pba2. The molecular centres coincide 
with the twofold crystal axis and the molecules left free 
to rotate about their L-axes. Molecules in layer type 1 
(at C = 0) have coordinates (0, 0, 0) and (\ , h, 0) while 
those in layer 2 (at C = h) have coordinates (h , 0, h) 
and (0, h, h) . The molecular orientations are defined 
in figure 3.4. The lattice energies were evaluated as 
a function of the two variables using two degree incre­
ments. The orientations for minimum repulsion energy are 
given for each model in Table 3.1. The total lattice 
energy given for that orientation was generally at minimum 
or within two degrees of it.
The four models are possible because the molecules in 
a layer can be related to each other by either glide plane 
and the reference molecule can possess two distinct 
orientations related by the twofold axis. Hence, all 
possibilities have not been exhausted. Model I corres­
ponds closely to the acenaphthene structure (figure 2.3) 
remembering that the crystal axes definitions are not 
the same. It is formed by taking the low-temperature 
unit cell of acenaphthylene (figure 2.4) , rotating 
molecules at 0, 1C through 180° (about the L-axis) and 
placing the interstitial molecules symmetrically between
these. This is the structure of the ordered regions
60.
L A Y E R  I 
at  c = 0
a= 106
< ■
Origin at 0 
f o r  axes  
de f i ned  thus:  
n b
L A Y E R  2
at  c
FIGURE 3.4. Model unit cell for small ordered regions in disordered ace­
naphthylene (space group Pba2). The arrowhead refers to the direction of 
the M-axis. The direction cosine matrix for the reference molecule R is 
given by:
L
M
N
0 0 1 a
cosa sina 0 b
-sina cosa 0 c
The matrix for the translationally inequivalent molecules in the layer is 
determined by the symmetry element (either a/2 or b/2) relating them.
The model drawn correspond§L_-to II in Table 3.1.
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suggested by Welbury (section 2.522). For model II, the 
only difference is that the interstitial molecules can 
be obtained from the low-temperature orientations by a 
positive rotation of 120 degrees. Model III is the same 
as II, except that molecules at 0, 1C are pointing in the 
opposite direction. Model IV is based closely on I, 
except that this time it is the molecules at 0, 1C 
that have the "head-to-head", "tai1-to-tai1" arrangement 
and those at ^C are "head-to-tai1" .
There are several points to note about Table 3.1.
The orientations of the molecular planes for each model 
are identical (within two degrees). It is extremely 
interesting that these are within a few degrees of the 
orientations in the ordered phase, as demonstrated in 
Table 3.2. This leads to the important prediction that 
there is virtually no change in orientation of the molec­
ular planes when disordering occurs, even though a number 
of distinct arrangements of molecules in_ the plane are 
possible. This gives further credence to the calculations 
of energy barriers in the previous section. The second 
observation is that the total lattice energy of each 
model is about -12 kcal.mole-1 which is 2 kcal.mole 1 
higher than that of the ordered phase. In a disordered 
phase with small regions of order, there is a significant 
probability of finding molecules (in either layer) which 
do not have their L-axes parallel to the crystal twofold 
axis. Comparison with the low temperature structure 
gives an indication that it is energetically more favour­
able to have a combination of alternate layers of 
symmetrically oriented molecules (that lie on a mirror
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plane) and non-symmetrically oriented molecules than it is 
to have all layers composed of symmetrically oriented 
molecules. It could be that disordering takes place with 
an increase in internal energy as symmetric orientations 
become more predominant. This is balanced by the config­
urational entropy term in the free energy expression.
Using the crude criterion (3.9) the internal energy is 
predicted to increase about 1 kcal.mole-1 which places it 
between the internal energies calculated for the model 
ordered structures and the low-temperature phase. It 
should be noted that the calculated lattice energy is 
very sensitive to the position of the molecular centres 
in relation to the twofold crystal axis. If the axis 
is placed 0.15& along the M-axis of the molecule, a 
position which would make the hydrogen atoms at the 
"head" and "tail" of molecule more closely coincide for 
the symmetric orientations related by the crystal twofold 
axis, the repulsive and lattice energies are minimised 
at the same orientation as before, but increased respect­
ively to 13.3 and -10.3 kcal.mole 1 for model I. It is 
clearly impossible to reach any conclusion on the basis 
of these calculations as to whether large parts of the 
disordered phase consist of various ordered regions as 
Welbury proposed.
A further insight into the disordered phase can be 
seen by considering the breakdown of the repulsive energy 
into the individual carbon-carbon (C-C) , carbon-hydrogen 
(C-H) and hydrogen-hydrogen (H-H) contacts, as shown in 
figure 3.5, for interactions between layers for disorder 
model IV which is representative of the other models.
6 5 .
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H-H
H-H
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ALPHA (degrees)
FIGURE 3-5. Contributions of intralayer (a,c) and interlayer 
(b,d) interactions to the lattice energy of disorder model IV 
for rotations about the L-axis (as defined in figure 3*4)  
with molecules in layer 2 (a,b) or layer I (c,d) held fixed.
6 6 .
T O T A L
T O T A L
C - H
H - HC - C
ALPHA ( degr ees)
F I GURE 3-5 (contd).
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Within layers the energy is minimised at the equilibrium 
structure. While the H-H interactions vary most strongly 
with molecular displacement, the resultant minimum is some 
ten degrees away from that of the total energy. The C-C 
and C-H interactions are important structure determining 
contributions, at least in the parameterisation of the 
potential used for these calculations. In contrast, the 
interaction energy between layers is not minimised at the 
equilibrium structure. Although the magnitude is slightly 
larger than the intralayer interactions, the role played 
in determining the equilibrium structure is relatively 
small. It is noteworthy that the C-C interactions have 
a much smaller and virtually constant contribution to the 
inter- as opposed to the intralayer repulsive energy, but 
that C-H as well as H-H interactions are important con­
tributions to the former. In the light of previous dis­
cussion, the same breakdown of the repulsive energy into 
various contributions applies equally well to the ordered 
crystal.
A closer examination of the interactions within layer 
1 shows that they are almost identical with those of layer 
2. The curves in figure 3.5 (a, c) should be compared
in the following manner. If the rotations are considered 
to alter the layer structure away from the planes 
parallel arrangement then a equal to -84 degrees in (a) 
corresponds to a equal to -6 degrees in (c). This can be 
checked by examining figure 3.4. This is remarkable when 
it is realised that layer 1 consists of a "head-to-tail" 
arrangement of molecules while layer 2 is "head-to-head" 
and " t ail-to - tai 1" . The only difference between models
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IV and I is that the arrangements of molecules are reversed 
for the two layers. Given that the unit cell lengths a 
and b differ by less than half a percent, the breakdown of 
the energetics described for model IV will apply equally 
to model I. What this means is that in the disordered 
structure, while layers 1 and 2 are crystallographically 
inequivalent, the arrangement of the molecules in the 
various orientations in each layer will be virtually in­
distinguishable. To put this in another way, the dis­
ordered crystal consists of alternate layers of molecules 
which are rotated with respect to one another by 90 
degrees. Otherwise the layers are almost indistinguish­
able as far as their energies and molecular orientations 
are concerned. This contrasts the state which exists in 
the ordered phase.
Lastly it is instructive to consider the distances 
separating molecular centres in both phases as shown in 
Table 3.3. It is evident that displacements of the 
order of 0 . lR only are required when disordering takes 
place. Together with the correlation predicted for the 
orientation of the molecular planes in both phases, it 
is concluded that the disorder process can be understood 
simply as the onset of molecular reorientation about an 
axis perpendicular to the molecular plane.
3 * 3 *6 SUMMARY
The starting point of these calculations were the 
basic conclusions of Welbury's crystallographic study of
acenaphthylene (described in Chapter 2) . Briefly, an
order-disorder transition is responsible for the phase 
transition observed. Similar packing arrangements in
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TABLE 3.3
DISTANCES BETWEEN MOLECULAR CENTRES IN THE ORDERED AND 
DISORDERED PHASES OF ACENAPHTHYLENE
Phase Molecular centres
Difference in 
coordinates
<R>
a b c
Dis tance
(Ä)
o r d . I-III 3.887 4.092 0 .000 5.644
V-VI 3.825 3.788 0.118 5.385
+dis o r d . (0 ,0 ,0) - (h ,h ,0) 3.855 3.930 0.000 5.505
(h,0,h)-(0 ,h ,h) 3.855 3.930 0.000 5.505
The space group is assumed to be Pbam.
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both forms are indicated and the mechanism suggested by 
Welbury is molecular reorientation about the N-axis. The 
calculations described in this chapter lead to some import­
ant conclusions about the role of intermo1ecular forces in 
the disorder process.
Cl) Molecular reorientation about the N-axis is a 
feasible process for disordering the crystal. Energy 
barriers calculated by the atom-atom method are compatible 
with thermal reorientation even at quite low temper­
atures .
(2) A cooperative mechanism for the disorder 
process is predicted. Initial reorientational motion of 
molecules in sets A and C is required to reduce the energy 
barriers for molecules in set B and hence liberate the
mo tio n .
(3) The resulting disordered phase involves very 
small displacements (about O.lR) of molecular centres and 
little or no change in the orientation of molecular planes 
from that in the ordered crystal.
(4) The interactions within layers primarily 
determine the equilibrium structure of the disordered 
phase. All three interactions, namely C-C, C-H and H-H, 
are important.
(5) The crysta1lographica1ly distinct layers are 
almost indistinguishable as far as the intralayer 
energies and orientations of molecular planes are con­
cerned. The electron density at a given site will be the 
same, on the average, for each layer. The basic distinct­
ion between layers is that they are not related by 
symmetry, but are rotated through 90 degrees with respect
to one another.
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(6) No conclusion can be made regarding Welbury's 
idea of ordered acenaphthene-1ike regions statistically 
distributed throughout the phase. The close agreement in 
lattice energies for the four model ordered crystals 
suggests that small regions in which there is a correl­
ation of molecular orientation between sites will not 
generally occur.
(7) What evidence exists does not favour the view 
that electrostatic (permanent dipole-dipole) interactions
are an important factor in the order-disorder transition.
C HA P T E R  4
A N U C L E A R  MA GN E TI C  RES ONANCE  
I N V E S T I G A T I O N  OF S O L I D  
A CENAPHTHYLE NE
N u c l e a r  m a g n e t i c  r e s o n a n c e  i s  a p a r t i c u l a r l y  
s e n s i t i v e  m e t h o d  f o r  s t u d y i n g  m o l e c u l a r  r e o r i e n t a t i o n a l  
m o t i o n s  i n  m o l e c u l a r  c r y s t a l s  e v e n  when t h e y  o c c u r  a t  a 
v e r y  s l o w  r a t e .  The r e a s o n  i s  t h e  d o m i n a t i n g  e f f e c t  
t h e  m o t i o n s  h a v e  i n  a v e r a g i n g  t h e  l o c a l  m a g n e t i c  f i e l d s  
a t  a n u c l e u s  ( a n d  h e n c e  n a r r o w i n g  t h e  s p e c t r a l  l i n e w i d t h )  
and  i n  d e t e r m i n i n g  t h e  m a g n i t u d e  o f  t h e  s p i n - l a t t i c e  
r e l a x a t i o n  r a t e s .  A v a r i a b l e  t e m p e r a t u r e  s t u d y  o f  s o l i d  
a c e n a p h t h y l e n e  has  b e e n  made w i t h  a v i e w  t o  s h o w i n g  t h a t  
t h e  o r d e r - d i s o r d e r  t r a n s i t i o n  f i r s t  ob s e r v e d  by  W e l b u r y  
r e s u l t s  f r o m  t h e  o n s e t  o f  r e o r i e n t a t i o n  a b o u t  t h e  
m o l e c u l a r  N - a x i s  and t o  p r o v i d i n g  q u a n t i t a t i v e  d a t a  f o r  
t h e  d y n a m i c s  o f  t h e  p r o c e s s . The c h a p t e r  i s  i n  t h r e e  
s e c t i o n s :  an o u t l i n e  o f  r e l e v a n t  t h e o r y  i s  f o l l o w e d  by a 
b r i e f  s t a t e m e n t  o f  t h e  e x p e r i m e n t a l  d e t a i l s  a n d  t h e  
c h a p t e r  i s  c o n c l u d e d  w i t h  an a n a l y s i s  o f  t h e  e x p e r i m e n t a l  
r e s u l t s .
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4 ’1 THEORETICAL ASPECTS OF NUCLEAR MAGNETIC RESONANCE 
The theory we shall require for the study of 
orientational motions in solids can be found in the 
texts by Abragam (1961) , Andrew ( 195 8) , Carrington and 
McLachlan (1967) and Slichter (1963). We shall adopt 
a phenomenological approach in outlining the theory 
beginning with the treatment for an isolated nucleus.
4.11 Transitions for an Isolated Nucleus
A nucleus with a spin quantum number I has a 
nuclear angular momentum of {1(1 + 1) } -h where “h is
Planck's constant divided by 2tt. The components in any 
given direction are m h , where m may take values I,
I-1 , ...... -I. The magnetic moment of the nucleus is
ü-n = = gN ßNi t4 -1»
where is the magnetogyric ratio of the nucleus, g^
is the nuclear g-factor and ß the nuclear magneton.N
In a steady magnetic field H q , the Zeeman inter­
action of the magnetic moment with the field is ex­
pressed by the Hamiltonian
H = -yN . Ho (4-2)
If the magnetic field is in the z direction, (4.2) can 
be written
H = -YHH0I z = 9N eNH 0Iz (4.3)
where I is the component of the angular momentum vector 
in the z direction. Representing the nuclear spin 
function by the symbol |m>/the operator equation for I 
i s
m m > (4.4)
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I m> z 1
and the eigenvalues of H are
E m mg 3 H n N 0 (4.5)
In order to induce transitions be tween nuclear 
spin levels, an oscillating ma g n e t i c  field p e r p e n ­
dicu lar  to H 0 must be applied (in the x d i r e c t i o n ) . 
The res ul ting time-dependent p e r t u r b a t i o n  on the 
nucleus is
V(t) = 2Vcoswt (4.6)
wh e re
V I X (4.7)
The tran sition prob ability from state m to m ' is given 
by
P , = —  <m V m ' > 6 (E -E -hv) (4.8)m , m ' 2 1 m ' m
where 6 is the Dirac delta function w h i c h  imposes the
con di ti on  that P . is zero unless the q u a ntum ofm , m
energy hv is exactly equal to the difference in energy,
E ,-E between the states. S u b s t i t u t i o n  for V in (4.8) m m
gi ve s
2 2 , , , ,2P , = 2tty H, <m I m'> 5(E ,-E -hv) (4.9)m , m ' N 1 1 x 1 1 m ' m
and the new matrix element can be easily e v a l u a t e d  using 
shift operators. The n on-d iagonal elements are zero 
ex ce pt  for |m-m'| = 1. For m' = m-1, we have
<m I m ' x 1
2
h (I + m)(I -m+1)
and
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2 2p 1 = H (I + m) (I-m+1) 6(E -E -hv) (4.10)m ,m- 1 N 1 m-1 m
It is easily shown that P , = P . Thus in them ,m-1 m-1,m
presence of an oscillating magnetic field perpendicular 
to the static magnetic field, transitions occur with the 
selection rule Am = ±1 and correspond to energy 
absorption (or emission) of
hv = g 3 H (4.11)N 0
from (4.5) and (4.10). This is the resonance condition.
All subsequent references to nuclear spins are to 
protons for which I = h and m = ± h . Consider an assembly 
of non-interacting protons in a steady magnetic field 
for which the population difference between the two 
levels is determined by the Boltzmann distribution.
Since the probabilities of stimulated absorption and 
emission are the same, this population difference will 
decrease and eventually become zero when the oscillating 
H field is applied. However, it is well known that for 
sufficiently low H 1 fields, this phenomenon of "saturat­
ion" does not occur. Relaxation mechanisms compete with 
the net absorption process and maintain the system at a 
steady state equilibrium.
The 6 function in (4.10) implies a lineshape of 
perfect sharpness. In practice, lines are broad and the 
6 function is replaced by a lineshape function g(v) 
which shows how the energy absorption varies near 
resonance. g(v) is normalised by the condition
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o g(v)dv = 1 (4.12)
The factors that cause line broadening and relax­
ation are the interaction between nuclear magnetic 
moments and the motion of the spins. We now turn our 
attention to these effects in solids.
4.12 The Solid as a Rigid Lattice
The theory in this section is applicable to 
crystals which do not possess orientational freedom.
They are treated as a rigid lattice of molecules. 
Crystals that do have reorientational motions can be re­
garded as rigid lattices at temperatures lower than that 
at which linewidth narrowing occurs.
The main interaction between nuclear spins is the 
dipole-dipole coupling of the magnetic moments. The 
form of the interaction is the same as has already been 
described in Chapter 3 (equation 3.13) for permanent 
ground state moments of a molecule. In solids the 
interaction is strong and for protons gives rise to 
local fields of the order of a few gauss. It plays an 
important part in determining the linewidth and relax­
ation behaviour of protons in molecular crystals.
4.121 The Origin of Line Broadening and Thermal
Relaxation Processes
We may describe the interaction of two identical 
dipoles and y_2 belonging to nuclei 1 and 2 in a
large static field H_Q in the following classical terms. 
The first dipole makes a Larmor precession about the 
field H_q and thus has a static component along this
77  .
f i e l d  a n d  a r o t a t i n g  c o m p o n e n t  p e r p e n d i c u l a r  t o  i t .  T h e
t o t a l  s t a t i c  m o m e n t  p r o d u c e d  b y  a l l  t h e  n e i g h b o u r s  a t
j£ d e p e n d s  o n  t h e i r  r e l a t i v e  a r r a n g e m e n t  i n  t h e  c r y s t a l
a n d  t h e i r  m a g n e t i c  q u a n t u m  n u m b e r s  m.  C l e a r l y  t h e  l o c a l
f i e l d  d i f f e r s  f r o m  s i t e  t o  s i t e  c a u s i n g  a v a r i a t i o n  i n
t h e  s t e a d y  m a g n e t i c  f i e l d  o v e r  a  r a n g e  o f  s e v e r a l  g a u s s .
T h e  r e s u l t a n t  s p r e a d  o f  L a r m o r  f r e q u e n c i e s  i s  a  c a u s e
o f  l i n e  b r o a d e n i n g  i n  s o l i d s .
T h e  r o t a t i n g  c o m p o n e n t  o f  a l s o  p r o d u c e s  a  l o c a l
m a g n e t i c  f i e l d  r o t a t i n g  a t  a f r e q u e n c y  c l o s e  t o  t h e
L a r m o r  f r e q u e n c y  o f  a n d  ma y  i n d u c e  a t r a n s i t i o n  i n
n u c l e u s  2 w i t h  a m u t u a l  e x c h a n g e  o f  e n e r g y .  S i n c e  t h e
L a r m o r  f r e q u e n c i e s  o f  t h e  n u c l e i  ma y  d i f f e r  b y  6 oo Q
s a y ,  a s  d e s c r i b e d  a b o v e ,  t h e  c o r r e c t  p h a s i n g  f o r  t h e
s p i n - e x c h a n g e  p r o c e s s  s h o u l d  o c c u r  a f t e r  a  t i m e  i n t e r -  
-  1
v a l  ^  (6 03 q ) . T h i s  i n  e f f e c t  d e t e r m i n e s  t h e  l i f e t i m e
o f  t h e  s p i n  s t a t e  w h i c h  r e s u l t s  i n  a  b r o a d e n i n g  o f  t h e  
e n e r g y  l e v e l s  s i m i l a r  t o  t h a t  a r i s i n g  f r o m  t h e  v a r i a t i o n  
i n  l o c a l  s t a t i c  f i e l d s .  T h e s e  t w o  e f f e c t s  a r e  q u i t e  
d i s t i n c t  a n d  a r e  o f  s i m i l a r  m a g n i t u d e .  F o r  s o l i d s  i n  
w h i c h  t h e  c o u p l i n g  b e t w e e n  s p i n s  i s  s t r o n g ,  t h e r m a l
e q u i l i b r a t i o n  i n  t h e  s p i n  s y s t e m  i s  a  v e r y  f a s t  p r o c e s s
-  4
( h a v i n g  T 2 o f  a b o u t  10 s e c ) . T h e r m a l  e q u i l i b r a t i o n  
w i t h  t h e  l a t t i c e  i s  g e n e r a l l y  a  m u c h  s l o w e r  p r o c e s s .
I n  c r y s t a l s  p o s s e s s i n g  o r i e n t a t i o n a l  f r e e d o m ,  
m o l e c u l a r  r e o r i e n t a t i o n  t a k e s  p l a c e  a t  t e m p e r a t u r e s  
l o w e r  t h a n  t h a t  a t  w h i c h  l i n e w i d t h  n a r r o w i n g  o c c u r s .  
A l t h o u g h  t h e  r e o r i e n t a t i o n  r a t e  i s  s l o w  s o  t h a t  a s  f a r  
a s  t h e  l i n e w i d t h  i s  c o n c e r n e d  t h e  c r y s t a l  i s  r i g i d ,  i t  
s t i l l  d e t e r m i n e s  t h e  s p i n - l a t t i c e  r e l a x a t i o n  t i m e  T  ^ .
We d e f e r  t r e a t m e n t  o f  t h e  m e c h a n i s m  t i l l  a l a t e r  s e c t i o n .
4 . 1 2 2  T h e  S e c o n d  M o m e n t
O n l y  f o r  t h e  s i m p l e s t  o f  m o l e c u l e s  c a n  t h e  l i n e -  
s h a p e  i n  t h e  s o l i d  b e  c a l c u l a t e d .  M o r e o v e r ,  i f  i t  w e r e  
p o s s i b l e  t h e  r e s u l t  w o u l d  b e  s o m e w h a t  u n r e w a r d i n g  a s  t h e  
l i n e s h a p e  b e c o m e s  s o  c o m p l e x  t h a t  a l l  we  a r e  l e f t  w i t h  
i s  a b r o a d  u n r e s o l v e d  e n v e l o p e .  H o w e v e r ,  t h e  m o m e n t s  
o f  t h e  s p e c t r u m  c a n  b e  r e a d i l y  c a l c u l a t e d .  I f  t h e  
n o r m a l i s e d  l i n e s h a p e  i s  d e s c r i b e d  b y  t h e  f u n c t i o n  g ( h )  
w h e r e  h i s  t h e  f i e l d  d i f f e r e n c e  m e a s u r e d  f r o m  t h e  c e n t r e  
o f  r e s o n a n c e ,  H Q , t h e  n t h  m o m e n t ,  i s  d e f i n e d  b y
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00 n
S = /  h g ( h ) dhn -oo ( 4 . 1 3 )
S i n c e  g ( h )  i s  a n  e v e n  f u n c t i o n  f o r  m a g n e t i c  d i p o l a r  
b r o a d e n i n g ,  t h e  o d d  n u m b e r e d  m o m e n t s  a r e  a l l  z e r o .  We 
s h a l l  o n l y  b e  i n t e r e s t e d  i n  t h e  s e c o n d  m o m e n t  w h i c h  i s  
j u s t  t h e  m e a n  s q u a r e  w i d t h  o f  t h e  s p e c t r u m  a b o u t  i t s  
c e n t r e .  V a n  V l e c k  ( 1 9 4 8 )  h a s  s h o w n  t h a t ,  f o r  a c r y s t a l  
c o n t a i n i n g  o n e  s p e c i e s  o f  m a g n e t i c  n u c l e u s ,  t h e  s e c o n d  
m o m e n t  i s  g i v e n  b y
s 9 = f  i  ( i + i )  g 2 $ 2 n n _ 1  .z.u. ,  ( 4 . 1 4 )2 2 N N 0 3 > k 3 k
T h e  o n l y  s y m b o l s  n o t  p r e v i o u s l y  r e f e r r e d  t o  a r e  N Q , 
t h e  n u m b e r  o f  m a g n e t i c  n u c l e i c  i n  t h e  s y s t e m  o v e r  w h i c h  
t h e  s u m  i s  t a k e n  a n d  U. ,  , a n  o r i e n t a t i o n a l  f a c t o r  w h i c h  
f o r  a  s i n g l e  c r y s t a l  t a k e s  t h e  f o r m
U = ( 3  c o s 2 © - 1 ) r  3 ( 4 . 1 5 )
3 K 3 k  3 k
j k
w h e r e  r i s  t h e  l e n g t h  o f  t h e  v e c t o r  j o i n i n g  n u c l e i  j , k
and 0
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is the angle between the vector and the applied 
field H_0 . Hence if the coordinates of all the m a g netic 
nuclei in the crystal are known, the second m o m e n t  can 
be readily calculated.
For a polycrystalline sample, equation (4.14) b e ­
come s
S 2 = I  1 ( I + D  gM 2 3M 2N ~ 1 . I, r “ 6 (4.16)5 N N 0 ] > k ] k
which for protons, is
S0 = 716.21 x N .E r. “ 6 (4.17) ^ 0 j > k j k
where r is in R units. The sum can be s e p arated into 
three contributions:
intra. trunc. term.
b 2 b 2 + S 2 (4.18)
The eva lu ation of i n tramolecular cont ribution (S ^ n t r a ') 
is easy. The second and third terms give the inter- 
m o l e c u l a r  contribution. The first of these involves 
an e x ac t evaluation of the sum (4.17) for all r ., <: M
where M typically has a value of 6&, say. Because of 
the r 6 dependence, truncation of the sum gives rise to 
a very small error which may be e v a l uated by converting 
the re ma inder of the sum into an integral assuming the 
more distant neighbours to be uniformly d i s t r i b u t e d  with 
known density. This is given by
te r m . 358.11 x
4 ttN.
3 M 3 V
(4.19)
where N p is the number of ma g n e t i c  nuclei per unit 
cell of volume V and M is the summation radius.
8 0  .
4 . 1 3  R e l a x a t i o n  P r o c e s s e s  i n  L i q u i d s
T h e  v a r i o u s  p r o p e r t i e s  o f  n u c l e a r  m a g n e t i s m  d e s c r i b e d  
f o r  s o l i d s  u n d e r g o  d e e p  c h a n g e s  i n  l i q u i d s .  T h e s e  
c h a n g e s  a r e  b r o u g h t  a b o u t  b y  t h e  e x i s t e n c e  o f  r a p i d  
m o l e c u l a r  m o t i o n s  o f  l a r g e  a m p l i t u d e  a n d  r a n d o m  c h a r a c t e r  
i n  l i q u i d s .  T h e  c o n s e q u e n c e s  o f  t h i s  s t a t e  o f  a f f a i r s  
w i l l  now b e  d e s c r i b e d .
T h e  s t r o n g  c o u p l i n g s  b e t w e e n  n u c l e a r  p i n s  
d e s c r i b e d  c l a s s i c a l l y  b y  l o c a l  m a g n e t i c  f i e l d s  g i v e  
r i s e  t o  a s p r e a d  o f  L a r m o r  f r e q u e n c i e s .  I n  l i q u i d s ,  
t h e  p r e s e n c e  o f  r a n d o m  B r o w n i a n  m o t i o n  a v e r a g e s  t h e  
l o c a l  m a g n e t i c  f i e l d s ,  r e s u l t i n g  i n  v e r y  n a r r o w  
r e s o n a n c e  l i n e s .  I n  a d d i t i o n  t h e  c o u p l i n g  b e t w e e n  
s p i n s  i s  mu c h  w e a k e r  t h a n  i n  s o l i d s  a n d  i s  c o m p a r a b l e  
w i t h  t h e  c o u p l i n g  b e t w e e n  t h e  s p i n s  a n d  t h e  l a t t i c e .
F o r  l i q u i d s  t h e  i m p o r t a n t  m e c h a n i s m  o f  s p i n -  
l a t t i c e  r e l a x a t i o n  a r i s e s  f r o m  t h e  t h e r m a l  m o t i o n  o f  
t h e  a t o m s  o r  m o l e c u l e s  w h i c h  c o n s t i t u t e  t h e  l a t t i c e  
( B l o e m b e r g e n  , P u r c e l l  a n d  P o u n d ,  1 9 4 8 )  . T h e  a t o m s  a n d  
m o l e c u l e s  a r e  r e g a r d e d  a s  v e h i c l e s  f o r  c o n v e y i n g  t h e  
n u c l e i  f r o m  p o i n t  t o  p o i n t .  T h e  n u c l e i  t h u s  t a k e  p a r t  
i n  t h e  r a n d o m  B r o w n i a n  m o t i o n  o f  t h e  m o l e c u l e s  s o  t h a t  
t h e  l o c a l  m a g n e t i c  f i e l d  a t  a n y  p o i n t  c o n t r i b u t e d  b y  
t h e  n e i g h b o u r i n g  n u c l e a r  m a g n e t i c  m o m e n t s  a n d  b y  a n y  
e l e c t r o n i c  m a g n e t i c  m o m e n t s  w h i c h  may a l s o  b e  p r e s e n t  
i s  a r a p i d l y  f l u c t u a t i n g  f u n c t i o n  o f  t i m e .  T h e  c o m p o n ­
e n t  a t  t h e  r e s o n a n c e  f r e q u e n c y  vq o f  t h e  F o u r i e r  s p e c t r u m  
o f  t h i s  f l u c t u a t i n g  f i e l d  i n d u c e s  t r a n s i t i o n s  b e t w e e n  
t h e  n u c l e a r  m a g n e t i c  e n e r g y  l e v e l s  i n  j u s t  t h e  s a m e  wa y  
a s  d o e s  a n  a p p l i e d  o s c i l l a t i n g  f i e l d .
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The time scale for the B r o w n i a n  motion is set by
the correlation time x w h i c h  is of the order of thec
time the molecule takes to move through a distance c o m ­
parable with its dimensions. If this is taken to be the 
same for all neighbours, then T is given by
2 2 l+oo i c
4 T
2 21+ 400 T c
(4.20)
where oo is the Larmor frequency and C a constant. This
ex pr es si on has a minimum in T, at oox = 0.6158. This1 c
means that the relaxation process is most effi cient  
when the correlation time is of the order of the Larmor 
p e r i o d .
4.14 Solids Possessing M o l e c u l a r  O r i e n t a t i o n a l  
Fre e dom
4.141 The Second Moment
Mo lecular reorientation is ma n i f e s t  in a n a r r o w i n g  
of the linewidth (and consequent reduction in second 
moment) of the N MR absorption line as the temperature 
is raised. Take the case of a single crystal wh ere r e ­
o r i e n ta tion occurs about one axis only. For an n- fold 
p e r i o d i c  potential barrier w h ere n >, 3 , the i n t r a ­
m o l e c u l a r  contribution to the second mo ment is
intra. 3 .  _ . 2 2
“ 2 I(I + 1) 9N ßN N 0
-  1 -  21 (U )D >k Dk (4.21)
where U._ is the average value of U., over the motion. Dk Dk
For a po lycrystalline sample,
(U .. ) Dk
2 2(3 cos Y . -1) rDk D k
-6 (4.22)
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where y .. is the angle between the internuclear vector 3k
r., and the axis of reorientation. We shall be inter- - D k
ested in the case where y 3k 90 , which corresponds to
reorientation about an axis normal to the plane con­
taining all the magnetic nuclei. The intramolecular 
contribution is simply h of the rigid lattice value.
The reduction of the intermo1ecular contribution 
to the second moment is much more complicated. The 
general case has been treated by Andrew and Eades 
(1953a). The expressions are long and complicated and 
are given (in modified form) in Appendix 7 where a 
program for the calculation of this term is described. 
The magnitude of the reduction is of the same order as 
that for the intramolecular term.
4.142 Thermal Relaxation Processes
The dominant spin-lattice relaxation mechanism in 
these solids is the same as for liquids. When it is 
assumed that reorientation is about one axis only, the 
motion can be described by a single correlation time 
whose temperature dependence is given by
T = exp(V/RT) (4.23)
where V is the barrier height and t q is a constant.
The rationale here is that may be interpreted as the
average time interval between successive reorientations 
of a molecule. The number of molecules with energy ex­
ceeding the potential barrier is given by the Boltzmann 
distribution, so that as the temperature increases and 
reorientation becomes more frequent it is a reasonable 
assumption that will decrease according to (4.23) .
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It is convenient to introduce a reorientation rate 
defined by the equation
2 ttv t  =  1c c C4.24)
so that
v c = V Q e x p (-V/RT) (4.25)
where
27TV0T0 = 1 ' (4.26)
The correlation time t is related to the spin-lattice 
relaxation time T by the same equation (4.20) that 
applies for liquids.
It is instructive to examine the spin-lattice
relaxation in a typical solid possessing orientational
freedom. For this purpose, benzene has been chosen.
The onset of molecular reorientation is at 90°K where
2 2the second moment is 10G and is reduced to 2G over a 
orange of 30K . The temperature dependence of T has
been plotted in figure 4.1 from the data of Andrew and 
Eades (1953b). The shape of the curve follows that 
predicted by equations (4.20) and (4.23). Away from the 
minimum, the curve can be approximated by two straight 
lines of slopes V/R (for m2x 2 >> 1) and -V/R (for
“V  ^  x) • The reason for this is that' to a «ooa
approximation, T^ depends only on the first power of x .
Not all relaxation data fit into this simple 
picture. For example, multiple T ^ minima are observed 
for a number of me thylbenzenes over the temperature 
range 10 to 29 3°K (Allen and Cowking , 1967 , 1968 ; Allen
LO
G
8 4 .
slope
9x10
1
T
(°K )
FIGURE 4*1. Plot of log T ( versus reciprocal temperature
for benzene.
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and Howard, 1969) and very recently, for hexafluoro- 
benzene (Albert, Gutowsky and Ripmeester, 1972). In 
these cases the description of spin relaxation data in 
terms of a single correlation time is not valid.
4 ‘ 2 EXPERIMENTAL DETAILS
4.21 S amp1es
Acenaphthylene (Fluka AG) was purified by re­
crystallisation from ethanol and sublimation (twice) 
in vacuo and in the dark. The melting point was 92°C.
The sample used for these experiments was a 2 cm high 
polycrystalline solid in a tube of about 0.8 cm diameter. 
In order to improve the filling factor, the sample was 
melted and allowed to crystallise. That the sample was 
truly polycrystal1ine can be seen by the fact that 
measurements for different samples which had been melted 
in this way and for one that had not been melted were 
the same within experimental error.
4.22 Measurement of the Second Moment
The apparatus used was a Varian model V4210A variable 
frequency rf unit and associated nuclear induction probe 
(V4230A) with a 12 inch Varian electromagnet. The 
resonance frequency was 16MHz. The derivative of the 
absorption signal (v-mode) was observed by means of a 
Varian model V4270B phase-sensitive detector. Temperat­
ures over the range 80 to 345°K were obtained by passing 
a flow of heated or cooled nitrogen gas over the sample 
held in the Varian variable temperature probe accessory. 
The temperatures could be accurately (±1°K) measured
but since the copper-constantan thermocouple was not em-
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bedded in the sample, the temperature of the sample has 
a maximum error of three degrees.
The experimental moments were found from the 
derivative spectra by numerical integration using the 
program described in Appendix 6 in which the corrections 
made necessary by modulation broadening of the spectrum 
are discussed.
4.23 Measurement of Spin-Lattice Relaxation Times 
In view of the very short spin-lattice relaxation 
times found in solid acenaphthylene, the method of 
Janzen e_t al_. (1968) employing adiabatic rapid passage 
conditions was used. The requirements for observation 
of such signals for solids (Abragam, 1961) is that
In essence the condition requires that the effects of 
spin-lattice relaxation must be negligible during the 
time of passage through the resonance.
The method of Janzen e t al. (1968) will now be
described. The spin system was allowed to equilibrate 
at high field, that is at the field of centre of 
resonance plus a few hundred gauss, for several times 
the spin-lattice relaxation time T^. On rapid passage 
to low field an equal number of gauss below the centre 
of resonance, a signal of intensity S is observed. 
After a time t, a sweep back to high field was made and 
the intensity recorded. If S 2 is the intensity
measured when the time elapsed before sweeping to high 
field is several times the relaxation time, then for
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different times t , the relation
St-S2 = K exp(-t/T ) (4.28)
holds where K is an arbitrary constant. The relaxation 
time T is obtained from a least squares fit of the 
straight line plot of logO^-S^) versus t.
The experiments were performed using the same 
magnet, rf transmitter and probe as before. In order 
to meet the rapid passage conditions, the power of the 
rotating field H was increased by linking the trans­
mitter to an EMI Model 310L power amplifier (operating 
at a maximum of 10 watts) and matching the probe circuit 
to the output impedance of the power amplifier. The 
rapid passage signal was displayed on a storage oscillo­
scope. The Helmholtz coils providing the rapid field 
sweep were driven by a current switching circuit con­
sisting of an operational amplifier with an integrator 
to set the rate of change of current. This amplifier 
in turn was used to drive a complementary pair of tran­
sistors which thus switched the direction of the current 
at a controllable rate.
This gave conditions which conformed tolerably 
well with the criterion (4.27) for adiabatic rapid 
passage. The sweep rate was lOOOG.sec 1 for a total sweep 
width of 60G. The field was approximately 1G so that
yH^ is about 4250 Hz. Although the signal obtained 
was slightly asymmetrical it was judged that T measure­
ments were reliable from the following test. The 
oscillating field H^ was reduced by varying amounts and 
T ^ measured. The values of T agreed within a small
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error except for H fields where the signal began to 
distort greatly. As the range of the sweep was only 
60G, measurements could only be made down to 140°K where 
the spectrum broadened to such an extent that the tail 
of the spectrum overlapped with the high and low field 
equilibration positions.
4 * 3 THE TEMPERATURE DEPENDENCE OF THE SECOND MOMENT 
OF SOLID ACENAPHTHYLENE
4.31 Experimental Results
A plot of second moment against temperature for
polycrysta1line acenaphthylene is shown in figure 4.2.
At temperatures below about 90°K, the second moment is
2constant at 8.37G , which was presumed to be the value
for the rigid lattice. The second moment decreases over
the temperature range 90 to 150°K reaching a constant
2value of 1.22G at room temperature. The reduction 
marks the onset of some molecular reorientation process 
which is probably about the molecular N-axis. When
calculations were carried out in order to confirm this,
2a discrepancy of 1.6G (that is, 25 percent) between 
the calculated and observed values was found. Initially 
the explanation was sought in the calculation. Apart 
from inaccuracy in the crystal structure data, the only 
possibility seemed to be that some residual disorder 
was present in the ordered phase. As this seemed un­
likely, errors in the experiment were sought. It was 
concluded that the entire discrepancy was a result of 
partial saturation of the spectrum. Experiments were 
repeated using the lowest H fields possible and the 
results are plotted as triangles in figure 4.2. The
8 9 .
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FIGURE 4-2. Temperature dependence of second mom­
ent for acenaphthylene. The distinction between circles 
and triangles is made in the text. C and C '  denote calc­
ulated values of the second moment.
90 .
oaverage second moment was 7.86G which represents a
2significant reduction of 0.5G . The lowest H field 
attained was that for which the probe could be balanced 
and not the lower limit of the rf unit. If this matter 
could be rectified it would be possible to eliminate 
the saturation problem. In any case, partial saturation 
will affect the magnitudes of the second moment but not 
the temperature at which narrowing begins.
4.32 Calculation of the Second Moments
The rigid lattice value of the second moment of 
the acenaphthylene ordered phase was calculated from 
equations (4.14) and (4.15) for the crystal structure 
data contained in Appendix 1. The program for the 
calculation is described in Appendix 7. Using a 
summation radius of ö£, the second moment given by 
(4.18) has the value
S = 2.37 + 4.13 + 0.27 - 0.022
= 6.75G* 2
The fourth term is a correction for intramolecular 
interactions greater than ö£ which have been included 
a second time in the terminal correction.
For the disordered phase, the intramolecular con-
2tribution is 0.59G , exactly h of the rigid lattice
value for reorientation about the molecular N-axis (see 
section 4.141). The intermo1ecular contribution has 
been evaluated by the method described in Appendix 7.
Once again a ö£ summation radius was employed. The 
correction to be applied for truncation of the sum was 
estimated by examining the convergence of the calculation
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using several different summation radii.
The calculation was carried out on two crystal 
structures - that of the ordered phase and the model 
ordered region II described in the previous chapter 
(section 3.54). In addition the possibility that the 
axis of reorientation is six-fold rather than three-fold 
was investigated. The small difference between the 
truncated values for the two crystal structures is 
negligible and can be accounted for by the fact that 
the second moment values for the ordered phase will be 
slightly larger than for the model structure as a 
result of the small reduction in unit cell lengths for 
the ordered phase. Only the results for the ordered 
structure will be subsequently referred to.
The total second moment given by (4.18) for the 
disordered phase of acenaphthylene assuming n = 3 is
S = 0 . 5 9 + 0 . 5 3 + 0 . 0 42
= 1.16G2
and for n = 6, is
S2 = 0 . 5 9 + 0 . 1 6 + 0 . 1 0
= 0.85G2
The value for n = 3 is very close to the experimental
2value of 1.22 ± 0.12G where the error represents a 
standard deviation. As the possibility that the value 
is slightly high owing to a partial saturation of the 
spectrum, cannot be ruled out, no distinction between 
the two cases n = 3 and n = 6 can be made. It should 
also be emphasised that the calculation assumes an n-
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f o l d  p e r i o d i c  p o t e n t i a l  w e l l .  I t  i s  c l e a r  t h a t  f o r  
a c e n a p h t h y l e n e ,  t h i s  i s  n o t  s t r i c t l y  t r u e  a s  wa s  s h o w n  
i n  t h e  p r e v i o u s  c h a p t e r .  H o w e v e r ,  i t  s e e m s  c e r t a i n  t h a t  
m o l e c u l a r  r e o r i e n t a t i o n  a b o u t  t h e  N - a x i s  c a n  a c c o u n t  f o r  
t h e  o b s e r v e d  r e d u c t i o n  i n  s e c o n d  m o m e n t .  T h e  p o s s i b i l i t y  
t h a t  r e o r i e n t a t i o n  o c c u r s  a b o u t  a n  a x i s  i n  t h e  m o l e c u l a r  
p l a n e  c a n  b e  d i s c o u n t e d  b y  t h e  f a c t  t h a t  e n e r g e t i c a l l y ,  
t h e  p r o c e s s  w o u l d  b e  e x t r e m e l y  u n f a v o u r a b l e  wh e n  c o m p a r e d  
w i t h  r e o r i e n t a t i o n  a b o u t  t h e  N - a x i s  a s  i t  w o u l d  r e q u i r e  
c o n s i d e r a b l e  d i s t o r t i o n  o f  t h e  l a t t i c e  a b o u t  t h e  r e ­
o r i e n t i n g  m o l e c u l e .
F r o m t h e  c r y s t a l l o g r a p h i c  s t u d i e s  o f  W e l b u r y  
( 1 9 7 0 )  t h e  s t r u c t u r a l  c h a n g e s  a r e  o b s e r v e d  t o  t a k e  
p l a c e  o v e r  a 6 d e g r e e  r a n g e  i n  t e m p e r a t u r e  a t  a b o u t
1 3 0 ° K .  Th e  f a c t  t h a t  r e o r i e n t a t i o n  i s  o b s e r v a b l e  b y
oNMR a t  90 K,  t h a t  i s  b e f o r e  a n y  s t r u c t u r a l  c h a n g e s  a r e  
o b s e r v e d ,  m e a n s  t h a t  t h e  t r a n s i t i o n  i s  d e f i n i t e l y  n o t  
o f  t h e  f i r s t  o r d e r  ( s e c t i o n  2 . 3 3 )  . T h e  t r a n s i t i o n  m u s t  
b e  e n v i s a g e d  a s  a g r a d u a l  p r o g r e s s i o n  o v e r  a t e m p e r a t u r e  
r a n g e  o f  a b o u t  60 d e g r e e s  f r o m  a f u l l y  o r d e r e d  p h a s e  t o  
o n e  o f  c o m p l e t e  d i s o r d e r .  S i m i l a r  r e s u l t s  h a v e  b e e n  
o b s e r v e d  f o r  t h e  o r d e r - d i s o r d e r  t r a n s i t i o n  o f  1 , 2 , 3 -  
t r i c h l o r o t r i m e  t h y l b e n z e n e  ( B r o t  a n d  D a r m o n , 1 9 7 0 )  .
4 * 4 S P I N- L A T T I C E  RELAXATION IN SOLI D ACENAPHTHYLENE
T h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  s p i n - l a t t i c e  r e ­
l a x a t i o n  t i m e  T p l o t t e d  i n  f i g u r e  4 . 3  g i v e s  a h i n t  o f  
s ome  i n t e r e s t i n g  b e h a v i o u r .  I n  c o n t r a s t  t o  t h e  r e s u l t s  
f o r  b e n z e n e ,  t h e  c u r v e  i s  a s y m m e t r i c  i n d i c a t i n g  t h a t  t h e  
m o t i o n  i s  m o r e  c o m p l e x  t h a n  i s  g e n e r a l l y  f o u n d  i n  t h e s e  
c r y s t a l s .  T h i s  p o i n t  i s  f u r t h e r  b r o u g h t  h o me  b y  t h e
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FIGURE 4- 3 .  Plot of log T versus reciprocal temp­
erature for acenaphthylene.
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FIGURE 4-4.  Plot of log curc versus reciprocal temp­
erature.
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p l o t  o f  l ogCoox^)  v e r s u s  T 1 i n  f i g u r e  4 . 4 .  T h e  c o n s t a n t
“  6oo h a s  t h e  v a l u e  3 2 tt x 10 . The  p o i n t s  w e r e  c a l c u l a t e d
f r o m  t h e  T  ^ d a t a  b y  s o l v i n g  e q u a t i o n  ( 4 . 2 0 )  f o r  cot^ .
T h e  c o n s t a n t  C wa s  e v a l u a t e d  b y  s e t t i n g  oot^ = 0 . 6 1 5 8  
a t  t h e  m i n i mu m  ( T = 0 . 0 9 7 3  s e c )  . S i n c e  a s t r a i g h t  
l i n e  d e p e n d e n c e  o f  l ogCcoT^)  v e r s u s  T 1 wa s  n o t  o b t a i n e d ,  
t h e  a s s u m p t i o n  o f  a s i n g l e  c o r r e l a t i o n  t i m e  o b e y i n g  
e q u a t i o n s  ( 4 . 2 0 )  a n d  ( 4 . 2 3 )  c a n n o t  b e  v a l i d .  U n f o r t u n ­
a t e l y ,  t h e  T^ m e a s u r e m e n t s  o n l y  e x t e n d  down  t o  1 4 0 ° K .
No d e t a i l e d  e x p l a n a t i o n  o f  t h e  r e s u l t s  c a n  b e  ma de  u n t i l  
a c o m p l e t e  s e t  o f  d a t a  i s  a v a i l a b l e .  The  r e s u l t s  d o ,  
h o w e v e r ,  g i v e  c r e d e n c e  t o  t h e  p r e d i c t i o n  ( C h a p t e r  3) t h a t  
t h e r e  e x i s t s  m o r e  t h a n  o n e  d i s t i n g u i s h a b l e  t y p e  o f  
m o l e c u l a r  m o t i o n  a s s o c i a t e d  w i t h  t h e  t h r e e  d i s t i n c t  
m o l e c u l a r  t y p e s  p r e s e n t  i n  t h e  o r d e r e d  p h a s e .
I t  i s  i n t e r e s t i n g  t o  s e e  w h a t  t h e  v a l u e  o f  t h e  r e ­
o r i e n t a t i o n  r a t e  i s  wh e n  n a r r o w i n g  o f  t h e  l i n e w i d t h  
o c c u r s .  A b r a g a m  ( 1 9 6 1 )  g i v e s  t h e  c r i t e r i o n  f o r  m o t i o n a l  
n a r r o w i n g  a s
( S ) t << 1 ( 4 . 2 9 )2 c
w h e r e  S 2 i s  t h e  s e c o n d  m o m e n t  o f  t h e  r i g i d  l a t t i c e  e x -
2
p r e s s e d  i n  Hz . F o r  a c e n a p h t h y l e n e  t a k i n g  a s
2
6 . 8 G  ( t h e  c a l c u l a t e d  v a l u e ) , l i n e w i d t h  n a r r o w i n g  w i l l  
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We know that spin-lattice relaxation is most efficient
when the reorientation rate is of the order of the Larmor
7frequency (about 10 Hz) which for acenaphthylene occurs
oat about 200 K. Thus the reorientation rate changes by 
many orders of magnitude and is very small when re­
orientation is first observed. The fact that structural 
changes are not observed until a higher temperature 
reflects the relative sensitivity of the NMR and X-ray 
diffraction techniques to the presence of reorientational 
motions in crystals.
4.5 SUMMARY
The main conclusions from the NMR study of 
orientational freedom in solid acenaphthylene can be 
stated as :
(1) The disorder process first observed in crystallo­
graphic studies is a result of molecular reorientation 
about the normal (N) axis. Reorientation occurs at a 
rate (of the order of 100 Hz) sufficient to cause 
narrowing of the linewidth at about 90°K.
(2) The phase transition takes place over a 
temperature range of about 60 degrees and is of the 
second or higher order.
(3) Description of the reorientational motions in 
solid acenaphthylene by a single correlation time is 
not valid. While quantitative data on the energetics 
of the process is not available, there is support for 
the idea of differential liberation of the motion for 
the different molecular types in the ordered phase.
CHAPTER 5
THE ELECTRONIC SPECTRUM OF ACENAPH- 
THYLENE IN ACENAPHTHENE HOST
The second major topic of this thesisj to which we 
now turn 3 is the electronic spectroscopy of the acenaph­
thylene molecule. The detailed abs orption and fluorescence 
spectra in acenaphthene host observed at the temperature 
of liquid helium provide data on the ground and excited 
state vibrational modes and lead to the recognition of 
a novel type of impurity spectrum for which the absorbing 
molecules occupy crystallographically inequivalent sites 
in the host crystal. Calculations are made of the 
vapour to crystal shift and the equilibrium guest orient­
ation at each site. It is believed that the now relat­
ively common observation of multiple origins in mixed 
crystal spectra arise from three (or possibly four) 
distinct classes of impurity sites which are dis cuss ed 3 
with reference to the literature.
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5 . 1  EXPERI MENTAL STUDY OF ABSORPTI ON AND FLUORESCENCE 
OF THE LOWEST EXCI TED STATE OF ACENAPHTHYLENE
5 . 1 1  S u r v e y  o f  P r e v i o u s  Wo r k
F i v e  d i s t i n c t  e l e c t r o n i c  t r a n s i t i o n s  h a v e  b e e n  o b ­
s e r v e d  i n  t h e  n e a r  u l t r a v i o l e t  a b s o r p t i o n  s p e c t r u m .  T h e s e  
a r e  r e a d i l y  s e e n  i n  t h e  r o o m  t e m p e r a t u r e  s p e c t r u m  i n  
c y c l o h e x a n e  s h o w n  i n  f i g u r e  5 . 1  a n d  a r e  s h o w n  i n  t h e  
a n a l y s i s  i n  T a b l e  5 . 1 .  T h e  p o l a r i s a t i o n  a s s i g n m e n t s  
o r i g i n a l l y  m a d e  b y  H e i l b r o n n e r  e_t a l .  ( 1 9 6 6 )  o n  t h e  
b a s i s  o f  p h o t o s e l e c t i o n  r e s u l t s  a n d  t h e  s t r e t c h e d  f i l m  
w o r k  o f  E g g e r s  a n d  T h u l s t r o p  ( 1 9 6 5 )  h a v e  b e e n  s u b s e q u e n t l y  
c o n f i r m e d  b y  s t u d i e s  o f  t h e  v a p o u r  s p e c t r u m  a t  3 7 3 - 4 0 0 ° K  
a n d  t h e  s p e c t r u m  i n  m i x e d  c r y s t a l s  o f  a c e n a p h t h e n e  , 
d u r e n e ,  f l u o r e n e  a n d  n a p h t h a l e n e  a t  7 7 ° K  ( G o r d o n  a n d  Y a n g ,  
1 9 7 0 )  a n d  i n  a c e n a p h t h e n e  a n d  d u r e n e  h o s t s  a t  a p p r o x i m ­
a t e l y  6 ° K  ( B r e e  £_t a l . , 1 9 6 9 a )  . T h e  t h e o r e t i c a l  s t u d i e s  
o f  H e i l b r o n n e r  e_t a l .  ( 1 9 6 6 )  a g r e e  w i t h  t h i s  i n t e r p r e t ­
a t i o n  .
T h e  l o w e s t  e n e r g y  t r a n s i t i o n  i s  v e r y  w e a k ,  c o n ­
s i s t i n g  o f  a n  a l l o w e d  l o n g - a x i s  p o l a r i s e d  e l e c t r o n i c  
1 1
t r a n s i t i o n  ( B 2  A i ) a n d  a v i b r o n i c a l l y  i n d u c e d
s h o r t - a x i s  c o m p o n e n t  h a v i n g  a p p r o x i m a t e l y  t h e  s a m e
i n t e n s i t y .  S i m i l a r  v e r y  w e a k  t r a n s i t i o n s  a r e  o b s e r v e d
i n  a  n u m b e r  o f  a r o m a t i c  h y d r o c a r b o n s  a n d ,  i n  p a r t i c u l a r ,
i n  p h e n a n t h r e n e  ( C r a i g  a n d  G o r d o n ,  1 9 6 5 )  . T h e  c o m p l e x
r e g i o n  o f  a b s o r p t i o n  a t  a b o u t  3 0 , 0 0 0  cm 1 c o m p r i s e s  t w o
1 1
t r a n s i t i o n s :  o n e  i s  s h o r t - a x i s  p o l a r i s e d  ( A 1 A \ ) w i t h
i t s  o r i g i n  a t  3 0 , 0 6 6  cm 1 i n  t h e  v a p o u r  a n d  t h e  o t h e r ,
s o m e w h a t  m o r e  d i f f u s e  t r a n s i t i o n ,  i s  l o n g - a x i s  p o l a r i s e d
1 1 - 1  - 1  
( B 2  ■** A i ) a b o u t  1 0 0 0  cm t o  t h e  b l u e  a t  3 1 , 0 6 5  cm
i n  t h e  v a p o u r .  T h e  v i b r o n i c  t r a n s i t i o n s  o f  t h e s e  t h r e e
ENERG
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TABLE 5.1
ABSORPTION SPECTRUM OF ACENAPHTHYLENE IN METHYLCYCLOHEXANE
System Frequen cy 
(cm"1)
As signment f Polarisation*
I 2 1450 0
2 1970 0 + 520
22 800 0+1350
23300 0+520+1350 f^0.003 1b 2 (L)
24150 0+2x1350
25540 0+3x1350
26940 0+4x1350
II 29400 0 0.006 (M)
299 00 0 + 500 0.003
m ++ 30800 - 0.135 1 B 2 (L)
32000 -
IV 36250 -
37650 - 0.040 lA l (M)
38700 -
V 43700 - 0.720 !b 2 (L)
*Based on the photoselection experiments of Heilbronner 
et a l . (1966).
+Value refers to the entire system and is accurate to 
50 percent.
■+This system overlaps system II so that the value given 
for the oscillator strength includes a contribution 
from system II.
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systems have been studied in detail by Bree et a_l. (1969 a) 
and Gordon and Yang (1970). The absorption systems IV 
and V which have only been observed in solution and in 
the vapour are broad and almost structureless.
Further work on the low temperature spectrum (in­
cluding the very weak fluorescence, not previously ob­
served) in acenaphthene mixed crystals is reported in 
this chapter.
5.12 E xperimental Details
The purification of acenaphthylene has been 
described (section 4.21) . Acenaphthene was recrystall­
ised from ethanol and zone refined (60 passes). Mixed
crystals of acenaphthene doped with acenaphthylene
_ 3(10 mole ratio) were grown by the Bridgman technique. 
Crystals about 0.1-0.2 cm thick were cut and the orient­
ations determined conos copically using the data of 
Winchell (1954) and Bree (1963). Samples were mounted 
over a pinhole in a copper plate which was then immersed 
in liquid helium contained in a double-walled glass 
cryos tat.
Absorption spectra were photographed on a Jarrell- 
Ash 3.4 metre spectrograph using an iron-neon hollow 
cathode lamp for calibration. Polarised beams were 
analysed with a Wollaston prism. Fluorescence spectra 
were measured photographically with a fast Spex spectro­
meter (f/6.8) at approximately 15°K, the samples being 
cooled by a flow of cold helium gas. The fluorescence 
was very weak requiring exposures of about 45 minutes 
duration. The fluorescence was also measured on the 
Jarrell-Ash spectrograph (f/35) at 4.2°K requiring a 12
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_ 1hour exposure time and spectral slit width of 2 cm to 
observe a spectrum of about 20 lines. All spectra were
calibrated from microdensitometer tracings giving an
-  1 -1  ^accuracy of ±2 cm for absorption lines and ±5 cm for
lines in fluorescence. All frequencies have been
corrected to vacuum.
Raman spectra were measured with a Spex double
monochromater using the 5145$. line of an argon-ion
laser for excitation. The accuracy of measurement is 
- 1±1 cm
5.13 The Mixed Crystal System
The structure of the host crystal has already been 
discussed (section 2.51 and figure 2.3). As the guest 
and host molecules have closely similar size and shape, 
the ideal of a simple substitution of host by guest 
without disturbance to the lattice should be closely 
realised. Thus it is expected that the spectral interpret 
ation will conform to the oriented gas approximation; 
that is, the fraction of the absorption intensity along 
each crystal axis for the L-, M- and N-axis polarised 
transitions of the guest is given by the squares of the 
direction cosines between the molecular and crystal axes 
(Table 5.2). Transitions polarised along the molecular 
L-axis are uniquely b-polarised in the crystal for guests 
at either crystallographically inequivalent site. However 
for guests at sites type I,II, M-polarised transitions 
are uniquely a-polarised in the crystal but for guests 
at sites type III,IV both a- and c-polarised components 
are present (with polarisation ratio c/a = 3.4). We thus
have a method for assigning different spectra for guests
TABLE 5 . 2
SQUARES OF DIRECTION COSINES BETWEEN MOLECULAR AND CRYSTAL
AXES FOR ACENAPHTHENE
Molecular
type a b c
L 0.000 1.000 0.000
HHH M 1.000 0.000 0.000
N 0.000 0.000 1.000
L 0.000 1.000 0.000
111,1V M 0.228 0.000 0.772
N 0.772 0.000 0.228
References: Ehrlich (1957); Bree (1963).
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at the crysta1lographically inequivalent sites to 
particular site types.
5.14 The Absorption Spectrum
The mixed crystal spectrum has been previously 
measured at 6°K by Bree et a_l_. (1969a) and at 77°K by
Gordon and Yang (1970). More detailed spectra taken at 
4.2°K, in which some 800 lines were measured in b - , a- 
and c-po1arisations, are now presented. The assignments 
which are essentially in agreement with those of other 
workers are better established and differ in one 
important aspect, namely the recognition of a novel 
type of impurity spectrum involving guests at two 
crysta1lographically inequivalent sites.
The b- and c-polarised spectra recorded for the 
bc-face are shown in figure 5.2. As expected the 
polarisations are unique; spectral contamination from 
other polarisations is less than one percent. The c- 
polarised spectrum (recorded on an ac-face) is about 
four times the intensity of the a-polarised spectrum to 
which it is identical except for the presence of a small 
number of uniquely a-polarised lines. The spectra of the 
ac-face contained about 5 percent contamination from the 
b-spectrum which could be easily identified. The assign­
ment of the b-polarised and c- and a-polarised spectra 
are given in Tables 5.3 and 5.4 respectively.
The two strong b-polarised lines at 21092 and
_ 121200 cm (labelled 0^ and 02 in the tables) are both 
L-polarised in the molecules. Each is the origin for 
similar vibrational structure with significant small 
points of difference largely explicable with the interpret-
( Contd. p . 12 3)
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TABLE 5.3
b-POLARISED ABSORPTION SPECTRUM OF ACENAPHTHYLENE IN 
ACENAPHTHENE (be-FACE) at 4.2°K
v ( cm *) tI n t . - 1 ft A v (cm ) As signme n t Error
20948 v vw -144 -
21018 vvw -74 -
21081 vvw - 1 1 -
21083 vvw -9 -
21087 vvw -5 -
2109 2 vs 0 ,0 ! allowed origin, Ox
21094 w o ,o 3 allowed origin, O 3
2109 7 vvw 3 -
21130 b vw 38 38, lattice
21152 b vw 60 60, lattice
21162 b vw 70 70, lattice
2 1 2 0 0 m o ,o2 allowed origin, 0 2
2130 5 vvw 213 -
21387 vvw 295 -
21505 w 413 413, a!
21618 vs 524 ,0 526
524, a 1 
526, a i
21639 vvw 547 -
21654 b vvw 562 38+526 - 2
21677 b vvw 5 85 60+526 - 1
2 172 3 vvw 631 -
21728 vw 528,02 528, a 1
21733 vvw 641 -
21747 m 653,03655
653, a 1 
655, a i
21771 w 6 79 679, ax
2179 3 vvw 701 -
2186 3 vw 6 6 3,0  2 663, ax
21868 w ooor-~r-' 774, ax
21872 s 780 780, ax
21884 vvw 792 -
21892 vvw 800 -
2 19 10 vw 818 -
219 3 3 b vvw 841 60+780 + 1
21981 m 7 8 1 ,02 781, ax
22015 b vvw 8 1 5 ,02 34+781 ? 0
22030 vvw 9 38 413+526 - 1
22070 vvw 9 78 -
220 77 s 9 8 3 , 0 3  985
983, ax 
985, ax
2210 1 vvw 1009 -
* "b" denotes broad bands; "d" denotes doublet; "n" denotes 
narrow line superimposed on broad band.
Relative intensities denoted by strong (s), medium (m) and 
weak (w) often accompanied by "v" (very).
All differences are relative to origin Ox unless otherwise 
s tate d .
^All assignments are based on the presence of three 
electronic origins.
i
i
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TABLE 5.3 (contd.)
, - 1 v ( cm ) I n t . A v (cm 1) As signme nt Error
2 212 7 vw 10 3 3 /0 3 1033, ai10 35 10 35 , a i
22 137 vw 10 4 3 ,0 3 2x5 24 -5
22145 m 105 3 2x5 26 + 1
22157 vw 1065 413+655 -3
2 2 169 s 1075 ,0 3 1075, ax1077 1077, a i
22 179 vw 9 79 ,02 979, ai
222 35 vw 10 35 ,02 10 3 5 , a i
22270 w 1178 526+655 -3
222 73 vw 1181 -
22277 d m 10 77 ;0 2 1077, a i
2229 1 vvw 1199 -
22296 v vw 1204 5 26 + 6 79 -1
22 324 m 12 32 1232, a x
22 333 vw 1241 -
22 389 vvw 129 7 -
22 39 4 vvw 1300,0 3 524+774 + 2
22 39 8 s 1306 526+780 0
22412 s 1320 1320, a i
22413 w 1319,0 3 1319 , a :
22416 vw 1324 -
22420 m 13 2 6 /0 3 1326, ai132 8 1328, a i
22430 vvw 1338 -
22 435 m 12 35 ,02 1235, ai
22452 m 1360 1360, a i
22465 d m 1373 -
22468 vs 1376 1376, a x
22472 s 1378,03 1378, a x
1 3 0 7 ,02 528+781 -22 250 7 b , n vvw 1415 38+1376 + 1
22523 vw 132 3,0 2 1323, a i
2252 7 m 14 35 655+780 0
225 40 vw 1448 413+1035 0
22 550 vw 1458 679+780 -1
22559 vvw 1359 ,02 1359 , a x
225 76 m 1 3 7 6 ,02 1376, a 1
2259 3 m 1501 1501, a i
2260 3 m 15 11 526+985 0
226 11 vvw 1519 -
22651 m 1559 2 x 780,526+1035 - 1 , - 2
22661 m 1569 15 6 9 , a ^
22667 m 15 75 3x526 - 3
226 74 vvw 15 82 -
226 82 vvw 1590 -
22695 m 160 3 526+1077 0
22731 vw 1639 655+985 -1
22 781 vvw 1689 655+1035 -1
22794 vvw 1702 655+2x526 -5
2280 3 vvw 16 0 3,0 2 528+1077 -2
22824 w 1732 655+1077 0
22 846 vvw 1754 679+1077 -2
22850 w 175 8 526+1232 0
22 85 7 m 1765 780+985 0
22 882 vvw 1790 413+1376 + 1
1 0 8
TABLE 5 . 3  ( c o n t d . )
v ( cm ) I n  t . A v ( cm ) As  s i g n m e n  t E r  r o  r
22  8 9 6 v v w 1 8 0 4 _
2 2 9 0 8 w 1 8 1 6 7 8 0 + 1 0 3 5 + 1
2 2 9 2 5 w 1 8 3 3 7 8 0 + 2 x 5 2 6 + 1
2 2 9  36 m 1 8 4 4 5 2 6 + 1 3 2 0 - 2
2 2 9 4 6 vw 1 8 5 4 5 2 6 + 1 3 2 8 0
2 2 9 4 8 s 1 8 5 6 7 8 0 + 1 0 7 7 - 1
2 2 9 6 0 w 1 7 6  0 / 0  2 5 2 8 + 1 2 3 5 -  3
2 2 9 7 8  d w 1 8 8 6 5 2 6 +  1 3 6 0  , 6 5 5 + 1 2  32
f-iio
2 2 9 9 5 s 1 9 0  3 5 2 6 + 1 3 7 6 + 1
2 3 0 0 0 m 1 9 0 6  , 0 3 5 2 4 + 1 3 7 8 + 4
2 30  1 6 v v w 1 8 1 6 , 0 2 7 8 1 + 1 0 3 5 0
2 3 0 5 0 vw 1 9 5 8 5 2 6 + 6 5 5 + 7 8 0 - 3
2 3 0 5  7 vw 1 8 5  7 , 0 2 7 8 1 + 1 0 7 7 - 1
2 3 0 6 0 vw 1 9 6 8 -
2 3 0 6 4 vw 1 9  72 6 5 5 + 1 3 2 0 - 3
2 30 7 4 vw 1 9 8 2 6 5 5 + 1 3 2 8 - 1
2 30 89 vw 1 9 9 7 6 7 9 + 1 3 2 0 - 2
2 3 0 9  8 v v w 2 0 0 6 6 7 9 + 1 3 2 8 - 1
2 3 1 0 5 w 2 0  1 3 7 8 0  + 12  32 + 1
2 3 1 1 2 vw 2 0 2 0 9 85  + 10  35 0
2 3 1 1 8 w 2 0 2 6 5 2 6 + 1 5 0 1 - 1
2 3 1 2  1 m 2 0 2 9 6 5 5 + 1 3 7 6 - 2
2 3 1 2 5 vw 2 0 3 1  , 0 3 6 5 3 + 1 3 7 8 0
2 3 1 2 9 vw 2 0  37 9 8 5 + 2 x 5 2 6 0
2 3 1 4 3 v v w 2 0 5 1 -
2 3 1 4 6 v v w 2 0 5  4 6 7 9 + 1 3 7 6 - 1
2 3 1 5  3 m 2 0 6 1 9 8 5 + 1 0 7 7 - 1
2 3 1 6 1 v v w 2 0 6 9 -
2 3 1 6 8 v v w 2 0  7 4  , 0 3 5 2 4 + 2 x 7 7 4 + 2
2 3 1 7 7 v v w 2 0 8 5 5 2 6 + 2 x 7 8 0 , 1 0 3 5 + 2 x 5 2 6 - 1 , - 2
2 3 1 8 7 vw 2 0 9 5 5 2 6 + 1 5 6 9 0
2 3 1 9 0 m 2 0 9  8 7 8 0 + 1 3 2 0 - 2
2 3 1 9  3 vw 2 1 0 1 4 x 5 2 6 - 3
2 3 2 0 1 w 2 1 0 9 7 8 0 + 1 3 2 8 + 1
2 3 2 0 3 vw 2 1 1 1 1 0 3 5 + 1 0 7 7 - 1
2 32 15 w 2 0 1 5 , 0 2 7 8 1 + 1 2 3 5 - 1
2 3 2 2  1 v v w 2 1 2 9 -
2 32  33 vw 2 1 4 1 7 8 0 + 1 3 6 0 + 1
2 32 3 8 v v w 2 1 4 6 -
2 32 4 4 vw 2 1 5 0 , 0  3 7 7 4 + 1 3 7 8 - 2
2 3 2 4 7 s 2 1 5 5 7 8 0 + 1 3 7 6 , 2 x 1 0 7 7
i—l+rH1
2 3 2 5  3 m 2 1 6 1 6 5 5 + 1 5 0 1 + 5
2 32 55 v v w 2 16  3 5 2 6 + 6 5 5 + 9 8 5 - 3
2 3 2 8 5 v v w 2 0 8 5  , 0  2 5 2 8 + 2 x 7 8 1 - 5
2 3 3 0  3 v v w 2 2  1 1 -
2 3 3 0 6 v v w 2 2  1 4 6 5 5 + 2 x 7 8 0 - 1
2 3 3 1 4 v v w 2 2 2 2 9 8 5 + 1 2 3 2 + 5
2 3 3 2  1 v v w 2 2 2 9 -
2 3 3 4 7 v v w 2 2 5 5 5 2 6 + 6 5 5 + 1 0 7 7 - 3
2 3 3 5 6 w 2 1 5 6  , 0 2 7 8 1 + 1 3 7 6 , 2 x 1 0 7 7 - 1  , + 2
2 3 3 5 8 v v w 2 2 6 6 1 0  35  + 12  32 - 1
2 3 3 7 2 w 2 2  80 7 8 0 + 1 5 0 1 - 1
2 3 3 8 3 m 2 2 9  1 5 2 6 + 7 8 0 + 9 8 5 0
2 3 3 9 6 w 2 3 0 4 9 8 5 + 1 3 2 0 - 1
2 3 3 9 9 vw 2 30 7 1 0 7 7 + 1 2  32 - 2
2 3 4 0 5 vw 2 3 1 3 9 8 5 + 1 3 2 8 0
2 3 4 2 0 vw 2 2 2 0  , 0 2 9 7 9 + 1 2  35 + 6
1 0 9
TABLE 5 . 3  ( c o n t d . )
v ( cm ) I  n t . A v ( cm 1 ) As s i g n m e n t E r r o r
2 3 4 2  7 v v w 2 3 3 5 _
2 3 4 3 2 vw 2 3 4 0 3 x 7 8 0 0
2 34  36 vw 2 3 4 4 9 8 5 + 1 3 6 0 - 1
2 3 4 4 3 vw 2 35 1 7 8 0 + 1 5 6 9 + 2
2 3 4 4 4 vw 2 3 5 2 -
2 3 4 4 8 vw 2 3 5 6 10  3 5 +  1 3 2 0 + 1
2 3 4 5  3 s 2 3 6 1 9 8 5 + 1 3 7 6 0
2 3 4 5 8 w 2 3 6 4 , 0  3 9 8 3 + 1 3 7 8 + 3
2 3 4 6 2 v v w 2 3 7 0 2 x 5 2 6 + 1 3 2 0 - 2
2 3 4 7 0 v v w 2 3 7 8 2 x 5 2 6 + 1 3 2 8 - 2
2 3 4 7 4 m 2 3 8 2 5 2 6 + 7 8 0 + 1 0 7 7 - 1
2 3 4 8 7 m 2 3 9 5 1 0 7 7 + 1 3 2 0 - 2
2 3 4 9  6 w 2 4 0 4 1 0 7 7 + 1 3 2 8 - 1
2 3 5 0 1 m 2 4 0 9 1 0 3 5 + 1 3 7 6 - 2
2 3 5 0 6 vw 2 4 1 2 , 0 3 1 0 3 3 + 1 3 7 8 + 1
2 35 1 1 w 2 3 1 1 , 0 2 1 0 7 7 + 1 2  35 - 1
2 3 5 1 9 w 2 4 2  7 -
2 3 5 2 8 vw 2 4 3 6 1 0 7 7 + 1 3 6 0 - 1
2 35 32 v v w 2 4 4 0 - 0
2 35  37 v v w 2 4 4 5 -
2 35 4 3 s 2 45  1 1 0 7 7 + 1 3 7 6 - 2
2 3 5 4 8 w 2 45  4 , 0  3 1 0 7 5 + 1 3 7 8 + 1
2 3 5 5 5 v v w 2 46  3 -
2 35  7 7 vw 2 4 8 5 9 8 5 + 1 5 0 1 - 1
2 35 8 7 v v w 2 3 8 7 , 0 2 5 2 8 + 7 8 1 + 1 0 7 7 + 1
2 3 6 0 4 vw 2 5  12 6 5 5 + 7 8 0 + 1 0 7 7 0
2 3 6 2 7 v v w 2 5  35 1 0 3 5 + 1 5 0 1 - 1
2 36  30 v v w 2 5  38 5 2 6 + 7 8 0 + 1 2  32 0
2 3 6 3 7 v v w 2 5 4 5 9 8 5 + 2 x 7 8 0 0
2 3 6 4 1 v v w 2 5 4 9 5 2 6 + 9 8 5 + 1 0 3 5 + 3
2 3 6 4 5 w 2 5 5  3 12 3 2 +  1 3 2 0 + 1
2 3 6 5 1 2 5 5 9
5 2 6 + 6 5 5 + 1 3 7 6 + 2
w
- 112  3 2 +  1 3 2  8
2 3 6 6 8 vw 2 5 7 6 1 0 7 7 + 1 5 0 1 - 2
2 3 6 8 0 vw 2 5  8 8 5 2 6 + 9 8 5 + 1 0 7 7 0
2 3 7 0 0 m 2 6 0 8 1 2 3 2 + 1 3 7 6 0
2 3 7 0 2 v v w 2 6 1 0 -
2 3 7 0  5 v v w 2 6 1 3 -
2 3 7 1 6 vw 2 6 2 4 5 2 6 + 7 8 0 + 1 3 2 0 - 2
2 3 7 2  7 vw 2 6 3 5 1 0 7 7 + 2 x 7 8 0 - 2
2 3 7 2  8 v v w 2 6  36 5 2 6 + 1 0 3 5 + 1 0 7 7 - 2
2 37  36 vw 2 6 4 4 1 0 7 7 + 1 5 6 9 - 2
2 3 7 4 1 vw 2 6 4 9 1 3 2 0 + 1 3 2 8 + 1
2 3 7 4 4 v v w 2 6 5 2 1 0 7 7 + 3 x 5 2 6 - 3
2 3 7 5 2 v v w 2 5 5 2  , 0 2 1 2 3 5 + 1 3 2 3 - 6
2 3 7 5 8  
2 3 7 6 2
2 37  73
vw
v v w
s
vw
2 6 6 6  
2 6  70
2 6 8 1
5 2 6 + 7 8 0 + 1 3 6 0  
C 1 3 2 0 + 1 3 6 0 = 2 6 8 0
0
2 3 7 7 8 2 6 8 6
|  5 2 6 + 2 x 1 0 7 7 = 2 6 8 0
l 5 2 6 + 7 8 0 + 1 3 7 6 = 2 6 8 2
2 3 7 8 1 v v w 2 6 8 9 1 3 2  8 + 1 3 6 0 + 1
2 3 7 8 6 m 2 6 9 4 1 3 2 0 + 1 3 7 6 - 2
2 3 7 9 0 vw 2 6 9 6 / 0 3 1 3 1 9 + 1 3 7 8 - 1
2 3 7 9 5 m 2 7 0  3 1 3 2  8+ 1 3 7 6 - 1
2 3 7 9  8 v v w 2 7 0 4  , 0 3 1 3 2 6 + 1 3 7 8 0
2 3 8 0 9 m 2 6 0 9 , 0 2 1 2 3 5 + 1 3 7 6 - 2
TABLE 5 . 3 ( c o n t d  . )
v ( cm ) I  n t . A v ( cm )
2 3 8 1 5 vw 2 72 3
2 3 8 2  7 w 2 7 3 5
2 3 8 3 4 vvw 2 74 2
2 3 8 4 3 s 2 75 1
2 3 8 4 8 m 2 7 5 4 , 0 3
2 3 8 5 4 vvw 2 7 6 2
2 3 8 8 2 vvw 26 82 , 0 2
2 3 8 9 8 w 2 8 0 6
2 3 9 0 2 w 2 8 1 0
2 3 9 1 0 vw 2 8 1 8
2 3 9 2 2 vw 2 8 3 0
2 39 33 vw 2 8 4 1
2 3 9 4 6 vvw 2 8 5 4
2 3 9 5 1 w 2 7 5 1 , 0 2
2 3 9 5 8 vvw 2 8 6 6
2 3 9 6 4 m 2 8 7 2
2 3 9 7 4 vvw 2 8 8 2
2 3 9 8 0 m 2 8 8 8
2 3 9 8 5 w 2 89 3
2 4 0 1 1 vw 29 19
2 4 0  18 vvw 2 9 2 6
2 4 0 2 5 w 29 33
2 40 33 m 2 9 4 1
2 4 0 4 2 vvw 29 50
2 4 0 4 6 vvw 2 9 5 4
2 4 0 5 4 vvw 2 9 6 2
2 4 0 6 9 m 29 77
2 4 0 7 6 vvw 2 9 8 4
2 4 1 0 4 vvw 3 0 1 2
2 4 1 0 7 vw 3 0 1 5
2 4 1 2 7 vvw 30 35
2 4 1 4 0 vvw 2 9 4 0 , 0 2
2 4 1 5  1 vvw 3 0 5 9
2 4 1 5  5 vvw 3 0 6 3
2 4 1 6 1 vvw 3 0 6 9
2 4 1 7 6 vw 3 0 8 4
2 4 1 8 6 vvw 3 0 9 4
2 4 1 9 7 vw 3 1 0 5
2 4 2 2 4 vw 3 1 3 2
2 4 2  34 m 3 1 4 2
2 4 2  38 vvw 3 1 4 6
2 4 2 5  3 vw 3 1 6 1
2 4 2 6 2 vvw 3 1 7 0
2 4 2 6 6 vw 3 1 7 4
2 4 2  75 vvw 3 1 8 3
2 4 2  8 1 vw 3 1 8 9
2 4 2 9 2 vvw 3 0 9 2 , 0 2
2 4 2 9 9 vw 3 2 0 7
2 4 3 1 0 w 32 18
2 4 3 1 5 vvw 32 2  3
A s s i g n m e n  t
1 3 6 0 + 1 3 7 6
2 x 1 3 7 6
2 x 1 3 7 8
5 2 8 + 2 x 1 0 7 7
5 2 6 + 7 8 0 + 1 5 0 1
6 5 5 + 2 x 1 0 7 7
6 5 5 + 7 8 0 + 1 3 7 6
1 3 2 0 + 1 5 0 1
1 3 2  8+ 1 5 0 1
7 8 0 + 9 8 5 + 1 0 7 7
2 x 1 3 7 6
(  5 2 6 + 7 8 0 + 1 5 6 9 = 2 8 7 5  
1 3 7 6 + 1 5 0 1 = 2 8 7 7  
)  1 3 2 0 + 2 x 7 8 0 = 2 8 8 0  
1 5 2 6 + 9 8 5 + 1 3 7 6 = 2 8 8 7  
1 3 2 0 + 1 5 6 9 = 2 8 8 9  
 ^ 7 8 0 + 1 0 3 5 + 1 0 7 7 = 2 8 9 2  
5 2 6 + 1 0 7 7 + 1 3 2 0  
1 3 6 0 + 1 5 6 9  
f  7 8 0 + 2 x 1 0 7 7 = 2 9 3 4  
1 3 7 6 + 2 x 7 8 0 = 2 9 3 6  
< 5 2 6 + 1 0 3 5 + 1 3 7 6 = 2 9 3 7  
1 3 7 6 + 1 5 6 9 = 2 9 4 5  
t  5 2 6 + 1 0 7 7 + 1 3 4 3 = 2 9 4 6
6 5 5 + 9 8 5 + 1 3 2 0
5 2 6 + 1 0 7 7 + 1 3 7 6
6 5 5  + 9 8 5 + 1 3 7 6
5 2 6 + 6 5 5 + 7 8 0 + 1 0 7 7
1 3 7 8 + 2 x 7 8 1
1 5 0 1 + 1 5 6 9
7 8 0 + 9 8 5 + 1 3 2 0
9 8 5 + 1 0 3 5 + 1 0 7 7
5 2 6 + 1 5 0 1 + 1 0 7 7
5 2 6 + 1 2 3 2 + 1 3 7 6
7 8 0 + 9 8 5 + 1 3 7 6
9 8 5 + 2 x 1 0 7 7
7 8 0 + 2 x 5 2 6 + 1 3 2 0
5 2 6 + 1 0 7 7 + 2 x 7 8 0
5 2 6 + 1 0 7 7 + 1 5 6 9
7 8 0 + 1 0 7 7 + 1 3 2 0
7 8 0 + 1 0 7 7 + 1 3 2 8
1 0 3 5 + 2 x 1 0 7 7
7 8 0 + 1 0 3 5 + 1 3 7 6
7 8 1 + 1 0 7 7 + 1 2 3 5
2 x 5 2 6 + 2 x 1 0 7 7
7 8 0 + 2 x 5 2 6 + 1 3 7 6
5 2 6 + 1 3 2 0 + 1 3 7 6
I l l
TABLE 5 . 3  ( c o n t d . )
v ( cm 1 ) I n  t .
_ 1
A v ( cm ) As  s i g n m e n  t E r r o r
2 4 3 2 2 m 32 30 3 x 1 0 7 7 , 7 8 0 +  1 0 7 7 +  1 3 7 6 - 1 , - 3
2 4 3 2 9 v v w 32 37 -
2 4 3 3 5 vw 3 1 3 5  , 0 2 5 2 8 + 1 2 3 5 + 1 3 7 6 - 4
2 4 3 5 1 vw 32 59 -
2 4 3 5 6 v v w 3 2 6 4 -
2 4 3 6 6 m 3 2 7 4 5 2 6 + 2 x 1 3 7 6 - 4
2 4 3 7 2 vw 32 7 8 , 0 3 5 2 4 + 2 x 1 3 7 8 - 2
2 4 3 7 9 v v w 32  87 -
2 4 4 2 4 vw 3 3 3 2 7 8 0 + 1 2 3 2 + 1 3 2 0 0
2 4 4 3 2 vw 3 3 4 0 5 2 6 + 6 5 5 + 7 8 0 + 1 3 7 6 3
2 4 4 3 6 vw 3 3 4 4 -
2 4 4 4 8 vw 3 3 5 6 7 8 0 + 1 0 7 7 + 1 5 0 1 - 2
2 4 4 6 0 vw 3 3 6 8 5 2 6 + 7 8 0 + 9 8 5 + 1 0 7 7 0
2 4 4 7 1 v v w 3 3 7 9 9 8 5 + 1 0 7 7 + 1 3 2 0 - 3
2 4 4 7 9 vw 3 3 8 7 7 8 0 + 1 2 3 2 + 1 3 7 6 - 1
2 4 4 8 7 vw 3 3 9 5 9 8 5 + 1 0 3 5 + 1 3 7 6 - 1
2 4 4 9 4 vw 3 4 0 2 5 2 6 + 1 3 7 6 + 1 5 0 1 - 1
2 4 5 2  8 w 3 4 3 6 9 8 5 + 1 0 7 7 + 1 3 7 6 - 2
2 4 5 5 0 v v w 3 4 5  8 5 2 6 + 7 8 0 + 2 x 1 0 7 7 - 2
2 4 5 5 9 vw 3 4 6 7 5 2 6 + 1 3 7 6 + 2 x 7 8 0 + 5
2 4 5 6 4
1 3 2 0 + 2 x 1 0 7 7 - 2
w
v v w
v v w
3 4 8 3
3 4 8 5
7 8 0 + 1 3 2 0 + 1 3 7 6  
f 1 3 2 8 + 2 x 1 0 7 7 = 3 4 8 2  
I 7 8 0 + 1 3 2 8 + 1 3 7 6 = 3 4 8 4
- 4
2 4 5  75
2 4 5 7 7 1 1 0 3 5 + 1 0 7 7 + 1 3 7 6 = 3 4 8 8
2 4 5 9 0 vw 3 4 9 8 -
2 4 5 9 5 v v w 3 5 0 3 2 x 5 2 6 + 1 0 7 7 + 1 3 7 6 - 2
2 4 6 0 5 vw 35 1 3 1 3 6 0 + 2 x 1 0 7 7 - 1
2 4 6 2 1 m 3 5 2 9 1 3 7 6 + 2 x 1 0 7 7 - 1
2 4 6 2 7 vw 3 5 3 5 7 8 0 + 2 x 1 3 7 6 + 3
2 4 6 3 1 v v w 3 5 3 9 -
2 4 6 7 7 v v w 3 5 8 5 5 2 6 + 1 5 0 1 + 2 x 7 8 0 - 2
2 4 6 8 7 vw 3 5 9 5 5 2 6 + 1 5 0 1 + 1 5 6 9 - 1
2 4 7 0 1 v v w 3 6 0 9 5 2 6 + 7 8 0 + 1 0 7 7 + 1 2 3 2 - 6
2 4 7 2 8 v v w 3 6 3 6 5 2 6 + 6 5 5 + 1 0 7 7 + 1 3 7 6 + 2
2 4  7 4 4 w 3 6 5 2 7 8 0 + 1 3 7 6 + 1 5 0 1 - 5
2 4 7 5 9 vw 3 6 6 7
5 2 6 + 9 8 5 + 2 x 1 0 7 7 + 2
5 2 6 + 7 8 0 + 9 8 5 + 1 3 7 6 0
2 4 7 6  7 v v w 3 6 7 5 -
2 4 7 7 2 vw 3 6 8 0 9 8 5 + 1 3 2 0 + 1 3 7 6 - 1
2 4 7 7 6 v v w 3 6 8 4 1 0 7 7 + 1 2 3 2 + 1 3 7 6 - 1
2 4 7 8 2 v v w 3 6 9 0 9 8 5 + 1 3 2 8 + 1 3 7 6 + 1
2 4 7 9 4 v v w 3 7 0 2 5 2 6 + 7 8 0 + 1 0 7 7 + 1 3 2 0 - 1
2 4 8 0 4 v v w 3 7 1 2 2 x 7 8 0 + 2 x 1 0 7 7 - 2
2 4 8 1 2 v v w 3 7 2 0 5 2 6 + 7 8 0 + 1 0 3 5 + 1 3 7 6 + 3
2 4 8 1 8 v v w 3 7 2 6 7 8 0 + 1 3 7 6 + 1 5 6 9 + 1
2 4 8 2  7 w 3 7 3 5 9 8 5 + 2 x 1 3 7 6 - 2
2 4 8 3 3 v v w 3 7 4 1 2 x 5 2 6 + 1 3 2 0 + 1 3 7 6 - 7
2 4 8 4 9 vw 3 7 5 7
5 2 6 + 3 x 1 0 7 7 0
5 2 6 + 7 8 0 + 1 0 7 7 + 1 3 7 6 - 2
2 4 8 6 0 w 3 7 6 8 1 0 7 7 + 1 3 2 0 + 1 3 7 6 - 5
2 4 8 6 9 v v w 3 7 7 7 -
2 4 8 7 2 v v w 3 7 8 0 1 0 7 7 + 1 3 2 8 + 1 3 7 6 - 1
2 4 8 7 4 v v w 3 7 8 2 1 0 3 5 + 2 x 1 3 7 6 - 5
2 4 8 8 6 v v w 3 6 8 6  , 0 2 1 0 7 7 + 1 2 3 5 + 1 3 7 6 - 2
2 4 8 9 2 v v w 3 8 0 0 2 x 5 2 6 + 2 x 1 3 7 6 - 4
1 1 2
TAB LE 5 . 3 ( c o n  t  d . )
- 1
v ( cm ) I n t . A v ( cm 1 ) As s i g n m e n  t E r r o r
2 4 9 0 1 vvw 3 8 0 9 -
2 4 9 0 5 vv w 3 8 1 3 -
2 4 9  17 m 38 2  5 1 0 7 7 + 2 x 1 3 7 6 - 4
2 4 9 2  3 vvw 3 8 3 1 -
2 4 9 4 9 vvw 3 8 5  7 -
2 4 9 6 2 vvw 3 7 6 2  , 0 2 5 2 8 + 7 8 1 + 1 0 7 7 + 1 3 7 6 0
2 4 9 6 7 vvw 3 8 7 5 -
2 4 9  77 vvw 3 8 8 5 6 5 5 + 7 8 0 + 1 0 7 7 + 1 3 7 6 -  3
2 4 9 8 5 vvw 3 8 9  3 -
2 4 9 9  7 vvw 3 9 0 5 -
2 5 0 0 4 vvw 3 9 1 2 5 2 6 + 7 8 0 + 1 2 3 2 + 1 3 7 6 - 2
2 5 0 1 0 vvw 3 9 1 8 7 8 0 + 9 8 5 + 2 x 1 0 7 7 - 1
2 5 0 1 8 vvw 3 9 2 6 2 x 5 2 6 + 1 3 7 6 + 1 5 0 1 - 3
2 5 0 2 4 vvw 39 32 5 2 6 + 6 5 5 + 2 x 1 3 7 6 - 1
2 5 0 3 2 vvw 3 8 3 2  , 0 2 1 0 7 7 + 2 x 1 3 7 6 + 3
2 5 0 3 9 vw 3 9 4 7 1 0 7 7 + 1 3 7 6 + 1 5 0 1 - 7
2 5 0 5 4 vvw 3 9 6 2 5 2 6 + 9 8 5 + 1 0 7 7 + 1 3 7 6 - 2
2 5 0 7 2 vw 3 9 8 0 -
2 5 0 9 0 vw 3 9 9  8 5 2 6 + 7 8 0 + 1 3 2 0 + 1 3 7 6 - 4
25  102 vw 4 0 1 0 7 8 0 + 3 x 1 0 7 6 + 2
2 5 1 0 8 vw 4 0 1 6 1 0 7 7 + 1 3 7 6 + 2 x 7 8 0 + 3
2 5 1 1 5 vvw 4 0 2  3 1 0 7 7 + 1 3 7 6 + 1 5 6 9 + 1
2 5 1 3 1 vvw 40 39 -
25  1 4 6 w 4 0 5 4 5 2 6 + 1 3 7 6 + 2 x 1 0 7 7 - 2
2 5 1 5 9 w 4 0 6 7 5 2 6 + 7 8 0 + 2 x 1 3 7 6 + 9
25 1 6 2 vvw 4 0 7 0 1 3 2 0 + 2 x 1 3 7 6 - 2
2 5 1 6 9 vvw 4 0 7 7 132  8 + 2 x 1 3 7 6 - 3
25 1 8 2 vvw 4 0 9 0 -
2 5 1 8 8 vvw 39 8 8 , 0 2 1 2 3 5 + 2 x 1 3 7 6 + 1
2 5 1 9 8 vvw 4 1 0 6 1 3 6 0 + 2 x 1 3 7 6 - 6
2 5 2  15 w 4 1 2  3 3 x 1 3 7 6 - 5
2 5 2 2 0 vvw 4 1 2 8 -
2 5 2 6 8 vvw 4 1 7 6 5 2 6 + 1 5 0 1 + 2 x 1 0 7 7 - 5
2 5 3 0 7 vw 42 15 9 8 5 + 3 x 1 0 7 7
- 1
7 8 0 + 9 8 5 + 1 0 7 7 + 1 3 7 6 - 3
2 5 3 2 1 vvw 4 1 2 1  , 0 2 3 x 1 3 7 6 - 7
2 5 3 3 5 vw 4 2 4 3 -
2 5 3 4 2 vvw 4 2 5 0 7 8 0 + 1 3 2 0 + 2 x 1 0 7 7 - 4
2 5 35 3 vw 4 2 6 1
5 2 6 + 9 8 5 + 2 x 1 3 7 6 - 2
7 8 0 + 1 0 3 5 + 1 0 7 7 + 1 3 7 6 - 7
2 5 3 7 5 vvw 4 2 8 3 7 8 0 + 2 x 5 2 6 + 1 0 7 7 + 1 3 7 6 - 2
2 5 3 8 5 vvw 4 2 9 3 -
2 5 3 9 0 vv w 4 2 9 8 5 2 6 + 1 0 7 7 + 1 3 2 0 + 1 3 7 6 - 1
2 5 3 9 7 vw 4 3 0  5 4 x 1 0 7 7 - 3
2 5 4 0 5 vw 4 3 1 3
7 8 0 + 1 3 7 6 + 2 x 1 0 7 7  
2 x 7  8 0 + 2 x 1 3 7 6
+ 3 
+ 1
2 5 4 1 0 vvw 4 3 1 8 -
2 5 4 4 2 vw 4 3 5 0 5 2 6 + 1 0 7 7 + 2 x 1 3 7 6 - 5
2 5 5 4 9 vvw 4 4 5 7 7 8 0 + 1 0 7 7 + 1 2 3 2 + 1 3 7 6 - 8
2 5 5 6 9
2 5 6 0 6
vvw
vv w
4 4 7 7  
45  14 9 8 5 + 7 8 0 + 2 x 1 3 7 6 - 3
9 8 5 + 1 3 7 6 + 2 x 1 0 7 7 - 1
2 5 6 2  5 vvw 4 5 3 3 5 2 6 + 1 0 7 7 + 1 3 7 6 + 2 x 7 8 0 - 6
2 5 6 3 7 vw 4 5 4 5 1 3 2 0 + 3 x 1 0 7 7 - 6
2 5 6 5 1 vvw 4 5 5 9 7 8 0 + 1 0 7 7 + 1 3 2 0 + 1 3 7 6 + 6
2 5 6 6 4 vvw 4 5 7 2 -
2 5 6 7 0 vvw 4 5 7 8 -
1 1 3
TABLE 5 , . 3  ( c o n  t d . )
- 1
v ( cm ) I n t . A v ( cm ) A s  s i g n m e n t E r  r o  r
2 5 6 8 4 v v w 4 5 9 2 5 2 6 + 1 3 2 0 + 2 x 1 3 7 6 - 6
2 5 6 9 4 4 6 0 2
1 3 7 6 + 3 x 1 0 7 7 - 5
w
- 77 8 0 + 1 0 7 7 + 2 x 1 3 7 6
2 5 7 2 2 v v w 4 6  3 0 -
2 5 7 2 7 v v w 4 6  35 -
2 5 7 3 9 vw 4 6 4 7 5 2 6 + 3 x 1 3 7 6 - 7
2 5  7 6 1 v v w 4 6 6 9 -
2 5 7 9  5 v v w 4 7 0  3 -
2 5 8 0 2 v v w 4 7 1 0 -
2 5 8 1 0 v v w 4 7 1 8 -
2 5 8 1 6 v v w 4 7 2 4 -
2 5 8 5 1 v v w 4 7 5 9 -
2 5 8 5 9 v v w 4 7 6 7 -
2 5 8 6 7 v v w 4 7 7 5 -
2 5 9 0 0 v v w 4 8 0 8 9 8 5 + 1 0 7 7 + 2 x 1 3 7 6 - 6
2 5 9  3 3 v v w 4 8 4 1 5 2 6 + 7 8 0 + 1 3 7 6 + 2 x 1 0 7 7 + 5
2 5 9 4 6 v v w 4 8 5 4 7 8 0 + 1 3 2 0 + 2 x 1 3 7 6 + 2
2 5 9 6 1 v v w 4 8 6 9 -
2 5 9 7 7
2 5 9 9 1
v v w
vw
4 8 8 5
4 8 9 9
2 x 1 0 7 7 + 2 x 1 3 7 6 - 7
7 8 0 + 3 x 1 3 7 6 - 9
2 6 0 5 9 v v w 4 9 6 7 -
2 6 0 8 5 v v w 4 9 9  3 5 2 6 + 7 8 0 + 1 0 7 7 + 1 2 3 2 + 1 3 7 6 + 2
2 6 1 0 0 v v w 5 0 0 8 -
2 6 1 1 1 v v w 5 0 1 9 -
2 6 1 3 0 v v w 5 0 3 8 -
2 6 1 4 3 v v w 5 0 5 1 -
2 6 1 6 2 v v w 5 0 7 0 -
2 6 1 7 3 v v w 5 0 8 1 5 2 6 + 7 8 0 + 1 0 7 7 + 1 3 2 0 + 1 3 7 6 + 2
2 6 1 9 8 v v w 5 1 0 6 9 8 5 + 3 x 1 3 7 6 - 7
2 6 2  1 9 v v w 5 1 2 7 -
2 6 2  3 0 v v w 5 1 3 8 5 2 6 + 7 8 0 + 1 0 7 7 + 2 x 1 3 7 6 + 3
2 6 2  8 7 vw 5 1 9 5 1 0 7 7 + 3 x 1 3 7 6 - 1 0
2 6  3 1 8 v v w 5 2 2 6 -
2 6 4 4 5 v v w 5 3 5 3 -
2 6 4 6 0 v v w 5 3 6 8 -
2 6 4 7 2 v v w 5 3 8 0 -
2 6 5 1 6 v v w 5 4 2 4 -
2 6 5 3 0 v v w 5 4 3 8 1 3 2 0 + 3 x 1 3 7 6 - 1 0
2 6 5 8 5 v v w 5 4 9  3 4 x 1 3 7 6 - 1 1
2 6 6 1 0 v v w 5 5  1 8 -
114 .
TABLE 5 . 4
a- AND c-POLARISED ABSORPTION SPECTRA OF ACENAPHTHYLENE 
IN ACENAPHTHENE (ac-FACE) at 4.2 K
_ 1v ( cm *) I n t .t -1A v  ( cm 11 +) Assignment1- Error
2 109 2 as w 0,0! C allowed origin , Ol
21094 as v vw 0 ,03 C allowed o r i g i n , 02
21200 as vvw 0 ,02 C allowed o r i g i n , °32 1388 vw 296 -
21546 ms 4 5 2 ,03 454
45 2 , b 2 ?
454 , b 2 ?
21564 w 472 472 , b 2
2 16 18 as vvw 526 C 526
2 1655 ao vvw 455 ,02 455 , b 2
2 1872 as vw 780 C 780
219 15 vw 82 3 -
219 33 vvw 841 -
219 39 vw 847 847 , b 2 ?
22073 m 981 454+526 + 1
220 77 ao vvw 9 85 C 985
22091 w 999 472+526 + 1
22102 w 1010 1010, b 2
22 169 as vvw 10 77 C 1077
22198 vw 1106 454+655 -3
222 31 vw 1139 454+679 + 6
222 38 m 1146 1146, b 2
2 2 245 vw 1151,03 1151, b 2
2 2251 vvw 1159 -
22283 w 1191 1191 , b 2
222 88 vw 1 1 9 4 ,03 1194, b 2
22316 vw 12 2 2 ,0 3 1224
452+774 ? 
1224 , b 2 •?
-4
22 326 w 12 34 454+780 0
22 345 as vw 125 3 114 5 ,02
472+780 
1145 , b 2
+ 1
22 399 vw 1307 1307 , b 2
22424 w 13 32 1332 , b 2
The c-polarised spectrum has frequencies which agree to 
one cm"1 with the a-polarised spectrum, but possesses 
approximately four times the intensity. The former values 
have been tabulated with the following exceptions: some
weak lines (denoted by "as") have slightly more intense 
a-polarised absorption while other lines (denoted by 
"ao") appear only in the a-polarised spectrum.
^'^See table 5.3.
$
The assignment of vibronic origins is based on the three 
allowed electronic origins 0^ to 0 3 . With combinations, 
the frequency of the b 2 mode is given first. "C" denotes 
contamination from the b-polarised spectrum.
1 1 5
TABLE 5 . 4  ( c o n t d  . )
_ 1 _ 1
v ( cm ) I  n  t  . A v ( cm ) As  s i g n m e n t E r r o r
2 2 4  30 v v w 1 3 3 8 _
2 2 4 3 6 v v w 1 3 4 4 -
2 2 4 4 0 s
1 3 4 6 , 0 3 1 3 4 6  , b  2 ?
1 3 4  8 1 3 4 8  , b  2
2 2 4 5 9 vw 1 3 6 7 8 4 7 + 5 2 6 - 6
2 2 4 6 8 a s vw 1 3 7 6 C 1 3 7 6
2 2 4 8 7 vw 1 3 9  5 -
2 2 5  1 1 vw 1 4 1 9 -
2 2 5  3 1 w 1 4 3 9 4 5 4 + 9 8 5 0
2 2 5 4 5 a o m 1 3 4 5  , 0 2 1 3 4 5  , b  2
2 2 5 5 0 v v w 1 4 5  8 4 7 2 + 9 8 5 + 1
2 2 5 7 9 v  vw 1 4 8 7 4 5 4 + 1 0 3 5 - 2
2 2 5  8 7 v v w 1 4 9 5 -
2 2 5 9 8 vw 1 5 0 6 4 5 4 + 2 x 5 2 6 0
2 2 6  16 vw 1 5 2 4 4 7 2 + 2 x 5 2 6 0
2 2 6 2 2 w 1 5  30 4 5 4 + 1 0 7 7 - 1
2 2 6 2 7 vw 15  35 1 0 1 0 + 5 2 6 - 1
2 2 6 4 1 vw 1 5 4 9 4 7 2 + 1 0 7 7 9
2 2 6 4 9 mw 1 5 5 5  , 0 3 1 5 5 5  , b  2
2 2 6 5 4 m 1 5 6 2 1 5 6 2  , b  2
2 2 6 6 7 w 1 5 7 5 1 5 7 5 ,  b 2
2 2 6 7 5 v v w 1 5 8 3 -
2 2 6 9  3 a s v v w 1 6 0  1 C 5 2 6 + 1 0 7 7 -2
2 2 6 9 6 v v w 1 6 0 4 -
2 2  7 1 3 v v w 1 6 2 1 -
2 2 7 2 2 v v w 16  3 0 4 5 4 + 5 2 6 + 6 5 5 - 5
2 2 7 5 5 v v w 1 6 6 3  • 1 0 1 0 + 6 5 5 -2
2 2 7 6 4 m 1 6 7 2 1 1 4 6 + 5 2 6 0
2 2 7 6 8 a o vw 1 5 6 8 , 0 2 1 5 6 8  , b  2
2 2  7 7 1 vw 1 6 7 7  , 0 3 1 1 5 1 + 5 2 4 + 2
2 2 7 7 8 vw 1 6 8 6 4 5 4 + 1 2 3 2 0
2 2 8 0 9 vw 1 7 1 7 1 1 9 1 + 5 2 6 0
22  8 4 4 1 7  5 0 , 0  _
4 5 2 + 5 2 4 + 7 7 4  ? 0
v v w 3 1 2 2 4 + 5 2 6  ? + 21 7 5 2
2 2 8 5 4 w 1 7 6 2 4 5 4 + 5 2 6 + 7 8 0 + 2
2 2 8 6 6 vw 1 7 7 4 4 5 4 + 1 3 2 0 0
2 2 8 7 2 vw 1 7 8 0 4 7 2 + 5 2 6 + 7 8 0 + 2
2 2 8 7 5 vw 1 7 8 3 4 5 4 + 1 3 2 8 + 1
2 2 8 8 0 vw 1 7 8 8 1 0 1 0 + 7 8 0 -2
2 2 8 9  1 v v w 1 7 9 9 -
2 2 8 9 5 v v w 1 8 0  3 1 1 4 6 + 6 5 5 + 2
2 2 9 2  3
1 8 2 9 , 0 3 4 5 2 + 1 3 7 8  ? - 1
m
1 8 3 1 4 5 4 + 1 3 7 6 + 1
2 2 9 2  8 v v w 1 8 3 6 1 3 0 7 + 5 2 6 + 3
2 2 9  4 3 vw 1 8 5 1 4 7 2 + 1 3 7 6 + 3
2 2 9 4 6 v v w 1 8 5 4 -
2 2 9 5  2 v v w 1 8 6 0 1 3 3 2 + 5 2 6 + 2
2 2 9 6 4
1 8 7 0  , 0 3 1 3 4 6 + 5 2 4 0
s
1 3 4 8 + 5 2 6 - 21 8 7 2
2 2 9 9  5 a o v v w 1 9 0  3 C 5 2 6 + 1 3 7 6 + 1
2 3 0 1 0 v v w 1 9 1 8 -
2 3 0 1 9 w 1 9 2  7 1 1 4 6 + 7 8 0 + 1
2 3 0 2 8 v v w 1 9  36 -
2 30 3 8 v v w 1 9 4 6 -
2 3 0 4 8 vw 1 9 5 6 4 5 4 + 1 5 0 1 + 1
2 3 0 5 8 w 1 9 6 6 1 1 9 1 + 7 8 0 - 5
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TABLE 5.4
-1
\) ( cm ) I n t . A v (cm 1)
2 3065 vw 1973
23071 ao vw 1 8 7 1 ,02
23076 vw 1984
2 30 87 V vw 1995
2 3095 vvw 200 3
23114 vvw 2022
2 312 1 vvw 2029
2 3124 vvw 20 32
2 3133 vvw 2041
23148 w 20 56
23167 vw 2075
2 3177 d w 2 0 8 3 ,03 2085
23181 w 2089
2 319 3 vw 2 10 1
2 3205 vvw 2 113
2 32 19 m 2 12 7
2 322 3 w 2 131
2 32 30 vvw 2 138
23240 vvw 2 148
2 32 47 ao vvw 2 155
2 3267 vvw 2 175
2 32 74 vvw 2 182
2 3290 w 2 19 8
2 3312 vvw 2220
2 3315 w 222 3
2 332 1 vvw 2227,03
23324 ao w 212 4 ,0 2
23334 vvw 2242
23359 vvw 2267
2 3379 vvw 22 87
2 3390 vvw 2298
23397 vvw 2 30 3 ,03 2 305
2 340 3 vvw 2 311
23407 vvw 2 315
23425 m 2 333
23430 vvw 2 336,0 3
23435 w 2 343
2 3447 w 2 355
2 3464 w 2 372
2 3468 vvw 2 376
2 34 73 w 2 381
2 3490 w 2 39 8
2 349 8 vvw 2 406
23505 vvw 2 413
2 35 16 m 2 42 2,0 3 2424
2 3522 ao vw 2 32 2 ,02
2 35 35 vvw 2443
23544 vw 2452
2 3548 ao vvw 2456
2 35 57 vw 2 465
2 356 3 vvw 2 4 6 9 ,0 3
2 3567 vvw 2 475
2 3572 vw 2 480
(c o n t d .)
As signment Error
472+1501 0
1345+528 -2
1010+985 0
1348+655 0
454+1569 -1
472+1569 0
454+526+1077 -1
472+526+1077 0
1555+524 +4
1010+1077 -2
1562+526 +1
1575+526 0
1332+780 +1
1348+780 -1
1146+985 0
C 2x1077,780+1376 +1,-1
1191+985 -1
1146+1035 +1
1146+2x526 0
454+780+985 +1
1146+1077 0
1151+1075 +1
1345+780 -1
1010+1232 0
119 1+1077 -1
454+780+2x526 +1
454+526+1320 -2
452+774+1075 ? +2
1224+1077 ? +4
454+780+1077 0
1332+985 -2
1348+985 0
1555+774 +7
1562+780 +1
454+526+1376 -1
472+526+1376 -2
1146+1232 -2
1348+1035 -2
1348+2x526 -2
1332+1077 -3
1346+1075 ? +1
1348+1077 -1
1345+979 -2
1146+526+780 0
C 1077+1376 +3
1146+1320 -1
1151+1319 -1
1146+1328 +1
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TABLE 5 . 4  ( c o n t d . )
, - 1  v ( cm ) I n t .
- 1
A v ( cm ) A s s i g n m e n  t E r r o r
2 35 85 v v w 2 4 9  3 -
2 3 5 8 9 v v w 2 4 9  7 1 1 9 1 + 5 2 6 + 7 8 0 0
2 3 6 0 1 v v w 2 5 0 9 1 1 9 1 + 1 3 2 0 - 2
? 3 6 0  7 vw 2 5  15 4 5 4 + 9 8 5 + 1 0 7 7 - 1
2 3 6 1 3 m 2 5 2 1 1 1 4 6 + 1 3 7 6 - 1
2 36 1 8 v v w 2 5 2 4 , 0 3 1 1 5 1 + 1 3 7 8 - 5
2 3 6 2  1 a o vw 2 4 2 1  , 0 2 1 3 4 5 + 1 0 7 7 - 1
2 3 6 2 6 v v w 2 5  34 -
2 36 35 v v w 2 5 4 3 4 5 4 + 5 2 6 + 2 x 7 8 0 + 3
2 3 6 4 0 vw 2 5 4 8 1 5 6 2 + 9 8 5 + 1
2 3 6 5 8 vw 2 5 6 6 1 1 9 1 + 1 3 7 6 - 1
2 3 6 6  3 v v w 2 5 7 1 -
2 3 6 7 2 vw 2 5 8 0 1 3 4 8 + 1 2  32 0
2 36 7 5 v v w 2 5  8 3 4 5 4 + 1 0 7 7 + 2 x 5 2 6 0
2 3 6 8 5 v v w 2 5 9 3 -
2 3 6 9 2 v v w 2 6 0 0 1 5 6 2 + 1 0 3 5 + 3
2 3 7 0 2 2 6 1 0
4 5 4 + 2 x 1 0 7 7 + 2
w 045  4 + 7 8 0 + 1 3 7 6
2 3 7 0 7 vw 2 6 1 5 1 5 6 2 + 2 x 5 2 6 + 1
2 3 7 1 7 v v w 2 6 2 5 4 7 2 + 2 x 1 0 7 7 - 1
2 3 7 2 0 2 5 2 0 , 0 2
1 1 4 5 + 1 3 7 6 - 1
a s vw 4 7 2 + 7 8 0 + 1 3 7 6 02 6 2  8
2 3 7 2 6 v v w 2 6 3 2 , 0 3 1 5 5 5 + 1 0 7 5 + 2
2 3 7 3 0 w 2 6  3 8 1 5 6 2 + 1 0 7 7 - 1
2 3 7 3 7 v v w 2 6 4 5 1 1 4 6 + 1 5 0 1 - 2
2 3 7 4 5 m 2 6 5 3 1 3 4 8 + 5 2 6 + 7 8 0 - 1
2 3 7 5 0 vw 2 6 5 8 -
2 3 7 5  8 w 2 6 6 6 1 3 4 8 + 1 3 2 0 - 2
2 3 7 7 6 a s v v w 2 6 8 4 C 5 2 6 + 7 8 0 + 1 3 7 6 + 2
2 3 7 8 4 a s v v w 2 6 9 2 C 1 3 2 0 + 1 3 7 6 - 4
2 3 7 9  3 v v w 2 7 0 1 -
2 3 7 9  8 vw 2 7 0 6 1 1 4 6 + 2 x 7 8 0 0
2 3 8 0 6 vw 2 7 1 4 1 1 4 6 + 1 5 6 9 - 1
2 3 8 1 4
2 7 2 0  , Oq 1 3 4 6 + 1 3 7 8 - 4
ms 1 3 4 8 + 1 3 7 62 7 2 2 - 2
2 3 8 2 0 v v w 2 72 8 1 1 4 6 + 3 x 5 2 6 + 4
2 3 8 2  7 v v w 2 7 3 5 -
2 3 8 3 3 v v w 2 7 4 1 -
2 3 8 3 7 vw 2 7 4 5 -
2 3 8 4 1 vw 2 7 4 9 1 1 4 6 + 5 2 6 + 1 0 7 7 0
2 3 8 6 7 a o vw 2 6 6 7 ,  0 2 1 3 4 5 + 1 3 2 3 - 1
2 3 8 8 5 vw 2 79  3 1 1 9 1 + 5 2 6 + 1 0 7 7 - 1
2 3 9 0 8 vw 2 8 1 6 4 5 4 + 9 8 5 + 1 3 7 6 + 1
2 39 1 8 a o w 2 7 1 8  , 0 2 1 3 4 5 + 1 3 7 6 - 3
2 3 9 2 9 v v w 2 8 3 7 4 5 4 + 5 2 6 + 7 8 0 + 1 0 7 7 0
2 3 9  3 3 v v w 2 8 4 1 -
2 39 3 7 vw 2 8 4 5 -
2 3 9 4 0 vw 2 8 4 8 1 3 4 8 + 1 5 0 1 - 1
2 3 9 5  1 m 2 8 5 9 1 3 4 8 + 5 2 6 + 9 8 5 0
2 3 9 6 0 vw 2 86  8 1 5 6 2 + 5 2 6 + 7 8 0 0
2 3 9 7 3 v v w 2 8 8 1 1 5 6 2 + 1 3 2 0 - 1
2 3 9 9 0  
2 3 9 9  7
v v w 2 8 9 8  
2 9 0 5 4 5 4 + 1 0 7 7 + 1 3 7 6
- 2
m
- 31 3 4 8 + 2 x 7 8 0
2 4 0 0  3 v v w 2 9 1 1 1 3 4 8 + 1 0 3 5 + 5 2 6 + 2
2 4 0 0 6 w 2 9  14 1 3 4 8 + 1 5 6 9 - 3
1 1 8
TABLE 5 . 4
_  1 _1
v ( cm ) I  n t . A v ( cm )
2 4 0 1 6 vw 2 9 2  4
2 4 0 2  3 w 2 9 2 9  , 0  3
2 4 0 2 9 w 29 37
2 4 0 4 0 m 2 9 4 8
2 4 0  70 vvw 2 9 7 8
2 4 0 8 2 vw 2 9 9 0
2 4 0 9  5 vvw 3 0 0  3
2 4 1 1 4 vvw 3 0 2 2
2 4 1 3 4 vvw 3 0 4 2
2 4 1 3 9 w 3 0 4 7
2 4 1 5 4 vvw 3 0 6 2
2 4 1 6  1 vvw 3 0 6 9
2 4 1 6 6 vv w 3 0 7 4
2 4 1 7 2 vvw 30 80
2 4 1 8 3 vvw 30 9  1
2 4 1 8 8 vvw 3 0 9 6
2 4 1 9 7 vw 3 1 0 5
' 2 4 2 0 5 w 3 1 1 3
2 4 2  17 vw 3 1 2 5
2 4 2 2 6 vw 3 1 3 4
2 4 2 4 4 vw 3 1 5 2
2 4 2 5 4 vw 3 1 6 2
2 4 2 5  7 vvw 3 1 6 5
2 4 2 6  3 vvw 3 1 7 1
2 4 2  71 vw 3 1 7 9
2 4 2 7 7 vvw 3 1 8 5
2 4 2 8 3 vw 3 1 9  1
2 4 2 9  5 w 3 2 0  3
2 4 3 0  8 vvw 32 16
2 4 3 1 6 vvw 3 2 2  4
2 4 3 2 5 vvw 32 33
2 4 3 3 1 vw 32 39
2 4 3 3 9 m 3 2 4 7
2 4 3 4 5 vvw 32 53
2 4 3 5 2 vvw 3 2 6 0
2 4 3 6 5 vvw 32 73
2 4 3 7 6 vvw 3 2 8 4
2 4 3 9 2 vw 3 3 0 0
2 4 3 9 9  a o vvw 3 1 9 9  , 0 2
2 4 4 0 9 vw 3 3 1 7
2 4 4 3 3 vw 3 3 4 1
2 4 4 4 4  a o vvw 3 2 4 4 , 0 2
2 4 4 5  1 vw 3 359
2 4 4 5 6 vvw 3 3 6 4
2 4 4 6 2 vw 3 3 7 0
2 4 4 6 6 vvw 3 3 7 4
2 4 4 7 7 vw 3 3 8 5
2 4 5 0  1 w 3 4 0 9
2 4 5 0 7 vvw 3 4 1 5
2 4 5 1 1 vvw 3 4 1 9
2 4 5 1 7 vvw 3 4 2 5
2 4 5 2  3 vw 34 31
2 4 5  32 vw 3 4 4 0
2 4 5  37 vvw 3 4 4 5
( c o n t d . )
As s i g n m e n  t  E r r o r
1 3 4 8 + 3 x 5 2 6  - 2
1 5 5 5 + 1 3 7 8  - 4
1 5 6 2 + 1 3 7 6  - 1
1 3 4 8 + 5 2 6 + 1 0 7 7  - 3
1 1 4 6 + 7 8 0 + 2 x 5 2 6  0
1 1 4 6 + 7 8 0 + 1 0 7 7  0
1 1 4 6 + 5 2 6 + 1 3 7 6  - 1
1 5 6 2 + 1 5 0 1  - 1
4 5 4 + 1 0 7 7 + 2 x 7 8 0  0
1 1 9 1 + 5 2 6 + 1 3 7 6  + 3
1 3 4 8 + 7 8 0 + 9 8 5  0
1 5 6 2 + 2 x 7 8 0  +3
4 5 4 + 5 2 6 + 2 x 1 0 7 7  0
1 5 6 2 + 1 5 6 9  + 3
4 5 4 + 1 3 2 0 + 1 3 7 6  +2
1 3 4 8 + 7 8 0 + 1 0 3 5  - 1
1 5 6 2 + 5 2 6 + 1 0 7 7  0
1 3 4 8 + 2 x 5 2 6 + 7 8 0  - 1
1 3 4 8 + 5 2 6 + 1 3 2 0  - 3
1 3 4 8 + 7 8 0 + 1 0 7 7  - 2
4 7 2 + 2 x 1 3 7 6  0
2 x 7 8 0  + 1
1 3 4 8 + 5 2 6 + 1 3 7 6  - 3
1 1 4 6 + 2 x 5 2 6 + 1 0 7 7  - 2
1 1 4 6 + 2 x 1 0 7 7  0
1 1 4 6 + 7 8 0 + 1 3 7 6  - 2
1 3 4 5 + 7 8 1 + 1 0 7 7  - 4
1 1 9 1 + 7 8 0 + 1 3 7 6  - 6
1 3 4 5 + 5 2 6 + 1 3 7 6  - 3
1 3 4 8 + 9 8 5 + 1 0 3 5  +2
1 3 4 8 + 9 8 5 + 2 x 5 2 6  0
1 3 4 8 + 9 8 5 + 1 0 7 7  - 1
1 5 6 2 + 7 8 0 + 1 0 7 7  0
1 3 4 8 + 5 2 6 + 2 x 7 8 0  - 3
1 1 9
TABLE 5 . 4
v ( cm ) I n  t . A v ( cm !
2 4 5 4 1 vw 3 4 4 9
2 4 5 5 0 w 3 4 5 8
2 4 5 5 5 vw 3 4 6  3
2 4 5 6 8 vw 3 4 7 6
2 4 5 9 2 mw 3 5 0 0
2 4 5 9 9 vw 3 5 0 7
2 4 6 2 0 vvw 3 5 2  8
2 4 6  32 vvw 35 40
2 4 6 4 7 vvw 3 5 5 5
2 4 6 5 4 vvw 3 5 6 2
2 4 6 6 5 vw 35 73
2 4 6  81 vvw 3 5 8 9
2 4 6 8 9 vw 3 5 9  7
2 4 6 9 6  a o vw 3 49 6 / 0 2
2 4 7 1 5 vw 3 6 2  3
2 4 7 2 2 vvw 36 30
2 4 7 3 0 vw 36 38
2 4 7 4 3 vw 3 6 5  1
2 4 7 4 7 vvw 3 6 5 5
2 4 7 8 0 vvw 3 6 8 8
2 4 7 9 2 vw 3 7 0 0
2 4 8 0 0 w 3 7 0 8
2 4 8 0 4 vvw 3 7 1 2
2 4 8 1 0 vw 3 7 1 8
2 4 8 2  3 vw 3 7 3 1
2 4 8 2  8 vvw 3 7 3 6
2 4 8 3 4 vw 3 7 4 2
2 4 8 4 0 vvw 3 7 4 8
2 4 8 4 6 vw 3 7 5 4
2 4 8 6 6 vw 3 7 7 4
2 4 8 7 6 vvw 3 7 8 4
2 4 8 8 1 vvw 3 7 8 9
2 4 8 9 0 mw 3 7 9  8
2 4 8 9 6  a o vvw 3 6 9 6 , 0 2
2 4 9 1 9 vw 3 8 2  7
2 4 9 2 5 vvw 3 8 3 3
2 4 9  31 vvw 3 8 3 9
2 4 9  35 vw 3 8 4 3
2 4 9 6 1 vw 3 8 6 9
2 4 9  77 vvw 3 8 8 5
2 4 9 8 2 vvw 3 8 9 0
2 4 9 8 7 w 3 8 9 5
2 5 0 0 9 vvw 39 17
2 5 0 1 4 vvw 3 9 2 2
2 5 0 2  7 vvw 3 9 3 5
2 5 0 4 4 vvw 3 9 5 2
2 5 0 5 6 vvw 3 9 6 4
2 5 0 6 2 vvw 3 9 7 0
2 5 0 6 7 vvw 3 9 7 5
2 5 0 7 4 vw 39 82
2 5 0 8 1 vw 39 89
2 5 0 9 1 vvw 3 9 9 9
2 5 0 9  8 vvw 4 0 0 6
2 5 1 0 4 vvw 4 0 1 2
( c on  t  d . )
A s s i g n m e n t  E r  r o  r
1 3 4 8 + 7 8 0 + 1 3 2 0  + 1
1 3 4 8 + 1 0 3 5 + 1 0 7 7  - 2
1 5 6 2 + 5 2 6 + 1 3 7 6  - 1
1 3 4 8 + 2 x 5 2 6 + 1 0 7 7  - 1
1 3 4 8 + 2 x 1 0 7 7  - 2
1 3 4 8 + 7 8 0 + 1 3 7 6  - 4
1 1 4 6 + 5 2 6 + 7 8 0 + 1 0 7 7  - 1
1 1 4 6 + 2 x 5 2 6 + 1 3 7 6  - 1
1 1 4 6 + 1 0 7 7 + 1 3 7 6  - 2
1 3 4 5 + 7 8 1 + 1 3 7 6  - 6
1 3 4 8 + 5 2 6 + 7 8 0 + 9 8 5  - 1
1 3 4 8 + 9 8 5 + 1 3 2 0  - 2
4 5 4 + 3 x 1 0 7 7  +3
4 5 4 + 7 8 0 + 1 0 7 7 + 1 3 7 6  + 1
1 3 4 8 + 1 0 3 5 + 1 3 2 0  - 3
1 3 4 8 + 9 8 5 + 1 3 7 6  - 1
1 5 6 2 + 2 x 1 0 7 7  - 4
1 5 6 2 + 7 8 0 + 1 3 7 6  0
1 3 4 8 + 5 2 6 + 7 8 0 + 1 0 7 7  0
1 3 4 8 + 1 0 7 7 + 1 3 2 0  - 3
1 3 4 8 + 1 0 3 5 + 1 3 7 6  - 5
1 3 4 8 + 2 x 5 2 6 + 1 3 7 6  - 2
1 3 4 8 + 1 0 7 7 + 1 3 7 6  - 3
1 3 4 5 + 9 7 9 + 1 3 7 6  - 4
1 1 4 6 + 5 2 6 + 7 8 0 + 1 3 7 6  - 1
1 3 4 8 + 5 2 6 + 9 8 5 + 1 0 3 5  - 4
1 1 4 6 + 2 x 1 3 7 6  - 3
1 3 4 8 + 5 2 6 + 9 8 5 + 1 0 7 7  - 1
1 3 4 8 + 1 0 7 7 + 2 x 7 8 0  - 3
4 5 4 + 1 3 7 6 + 2 x 1 0 7 7  +5
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TABLE 5.4
v (cm 1) In t . A v ( cm
25108 vvw 4016
25117 w 4025
25125 vw 4033
25129 vw 4037
25 136 vvw 4044
25 155 vvw 406 3
25172 vvw 4080
25 179 vvw 4087
25185 w 409 3
252 14 vvw 4122
25226 vvw 4134
252 40 vvw 4148
25250 m 4158
25257 vvw 4165
25269 vvw 417 7
252 73 vvw 4181
25280 vvw 4188
25289 ao vw 4089 ,02
25295 vvw 420 3
25307 vvw 42 15.
2532 5 w 423 3
25 333 vvw 4241
25347 vvw 4255
25 357 vvw 4265
25 363 vvw 4271
25369 vw 4277
25 377 w 4285
25388 vvw 4296
25398 vvw 4306
25413 w 432 1
25439 vw 4347
25460 vvw 4 36 8
25468 vvw 4376
25484 vvw 4392
25512 vw 4420
25 525 vvw 4433
255 34 vvw 4442
255 39 vvw 4447
25552 vvw 4460
255 70 vvw 4478
25578 vvw 4486
25587 vvw 4495
25598 vvw 4506
25606 vvw 4514
25610 vvw 4518
25616 vvw 452 4
25624 vvw 45 32
25631 vvw 45 39
25642 vvw 45 50
25654 vvw 4562
25666 vw 4574
25670 w 4578
25704 vvw 4612
25708 vw 4616
(con td.)
Assignment Error
1562+1077+1376 + 1
1348+526+2x1077 -3
1348+526+780+1376 + 3
1348+1320+1376 0
1146+1376+2x780 -2
1348+2x1376 -7
1146+526+1077+1376 -3
1348+526+985+1320 -2
1345+2x1376 -8
1348+526+985+1376 -2
454+1077+2x1376 -6
134 8+780+2x1077 + 3
1348+1376+2x780 + 1
1348+526+1077+1376 -6
1146+ 3x1077 -1
1146+780+1077+1376 -3
1146+526+2x1376 -4
1348+985+1035+1077 -3
1348+780+985+1376 -3
1348+780+1077+1376 -3
1 2 1
TABLE 5 . 4  ( c o n t d . )
- - 1 .  v ( cm ) I n  t  . A v ( cm 1 ) As s i g n m e n  t E r r o r
2 5 7 1 3 v v w 4 6 2 1 1 3 4 8 + 5 2 6 + 2 x 1 3 7 6 - 5
2 5  72  5 v v w 4 6  33 -
2 5 7 6 4 vw 4 6 7 2 1 1 4 6 + 1 3 7 6 + 2 x 1 0 7 7 - 4
2 5  7 7 1 v v w 4 6  79 -
2 5 7 8 1 v v w 4 6 8 9 -
2 5  79 3 v v w 4 7 0 1 -
2 5 8 0  5 v v w 4 7 1 3 -
2 5 8 1 2 v v w 4 7 2 0 -
2 5 8 3 1 v v w 4 7 3 9 -
2 5 8 4 8 v v w 4 7 5 6 -
2 5 8 6  3 v v w 4 7 7 1 -
2 5 8 7 1 vw 4 7 7 9 1 3 4 8 + 9 8 5 + 1 0 7 7 + 1 3 7 6 - 7
2 5 8 9 4 v v w 4 8 0 2 -
2 5 9 0  3 v v w 4 8 1 1 -
2 5 9  19 v v w 4 8 2  7 -
2 5 9 6 2 vw 4 8 7 0 -
2 5 9 7  1 v v w 4 8 7 9 1 3 4 8 + 2 x 1 0 7 7 + 1 3 7 6 + 1
2 5 9 9  4 v v w 4 9 0 2 1 1 4 6 + 5 2 6 + 7 8 0 + 1 0 7 7 + 1 3 7 6 - 3
2 6 0 0 5 v v w 4 9  13 -
2 6 0 0 9 v v w 4 9 1 7 -
2 6 0 1 9 v v w 4 9 2  7 -
2 6 0 2  7 v v w 4 9  35 -
2 6 0 6 0 v v w 4 9 6 8 -
2 6 0 6 6  a o v v w 4 9 7 4 -
2 6 0 7  3 v v w 4 9  8 1 -
2 6 0 8 5 v v w 4 9 9  3 -
2 6 1 0  3 vw 5 0 1 1 -
2 6 1 1 5 v v w 5 0 2  3 -
2 6  14  7 v v w 5 0 5 5 -
2 6  15  7 v v w 5 0 6 5 -
2 6  1 6 9 v v w 5 0 7 7 -
2 6 1 7 9 v v w 5 0 8 7 1 3 4 8 + 9 8 5 + 2 x 1 3 7 6 + 2
2 6 1 9 0 v v w 5 0 9 8 -
2 6 2 0  1 v v w 5 1 0 9 1 3 4 8 + 5 2 6 + 7 8 0 + 1 0 7 7 + 1 3 7 6 + 2
2 6 2 1 5  a o v v w 5 1 2 3 -
2 6 2  3 3 v v w 5 1 4 1 -
2 6 2 5  3 v v w 5 1 6 1 -
2 6 2  5 8 v v w 5 1 6 6 1 3 4  8 + 1 0 7 7  + 2 x 1 3 7 6 - 1 1
2 6 2  89 v v w 5 1 9 7 -
2 6 3 0 4 v v w 5 2  12 -
2 6  3 5 5 v v w 5 2 6 3 -
2 6 3 6 0 v v w 5 2 6 8 -
2 6  3 8 1 v v w 5 2 8 9 -
2 6 3 9  7 v v w 5 30  5 -
2 6 4 3 1 v v w 5 3 3 9 -
2 6 4 4 4 v v w 5 3 5 2 -
2 6 4 5  1 v v w 5 3 5 9 -
2 6 4 6 2 v v w 5 3 7 0 -
2 6 4 7 4 v v w 5 3 8 2 -
2 6 4 8 6 v v w 5 3 9 4 -
2 6 4 9  7 v v w 5 4 0 5 -
2 6 5 5 4 v v w 5 4 6 2 -
2 6 5 8 5 v v w 5 49  3 -
2 6 6 2 9 v v w 5 5  3 7 -
2 6 6 3 9 v v w 5 5 4 7 -
2 6 6 5 0 v v w 5 5 5 8 -
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TABLE 5.4 (contd.)
v ( cm ) I n t . A v (cm ) Assignment
26694 vvw 5602 _
26716 vvw 5624 -
2672 7 vvw 5635 -
26 741 vvw 5649 -
26783 vvw 5691 -
12 3 .
ation to follow. The earlier suggestion of Bree et a l .
- 1 - 1(1969a) that the 21200 cm line involves a 108 cm
-1funda mental built on the origin 21092 cm is untenable  
in the light of the fluorescence spectrum at 4.2°K, which 
shows both lines in emission with roughly the same 
relative intensities as in absorption. They are t h e r e ­
fore in de p e n d e n t  origins. The evidence that these record 
transitions in molecules at c r y s t a 11o g r a p hically i n e q u i v ­
alent sites is provided by the M - p o l a r i s e d  transitions 
record ed in the a- and c-po larised spectra. Since the 
pure electronic spectrum is L-polarised, the M - p o l a r i s e d  
tra nsitions are based on v i b r o n i c a l l y  induced origins 
wh ic h differ by symmetry b 2 from the e lectronic origins 
at 21092 and 21200 cm . Several such origins have been 
found (vide infra) of w h ich  a good example, gi ving r e l ­
atively strong transitions, depends on the upper state 
b 2 mode of frequency 1348 cm . We find at the frequency 
22440 cm 1 lines in the c- and a-po l a r i s e d  s p e ctra with 
po la r i s a t i o n  ratio c/a ^ 4. The absorbing m o l e c u l e s  are 
therefore at sites of type III,IV and the c o r r e s p o n d i n g  
ele ct ro nic origin at 21092 = 2244 0-1348 cm 1 belongs to 
mol ecules located at sites of this type. On the other 
hand, at frequency 22545 = 21200+1345 cm 1 the spectral 
line has pure a-pola risation showing that abso rbing 
molecules are at sites type I,II.
- 1Close inspection of the 21092 cm line in absorption  
reveals a small splitting of 2 cm 1 which is not observed
in fluorescence undoubtedly due to the large slitwidth
- 1employed. This second, much w e a k e r  peak at 21094 cm 
is assigned as a third e l e c tronic origin (0^) as it is
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accompanied by vibrational structure similar to that 
built on the other electronic origins, even though the 
splitting varies in an irregular manner throughout the 
spectrum. One explanation for the splitting is that for 
guests at sites type 111,1V, two distinct orientations 
of the M- and N-axes are possible. (However, see section 
5.22.)
Since the origin bands are purely b-polarised and
the interactions between guests are negligible at the
- 3concentrations used (10 mole ratio) , the ratio of
origin band intensities should be closely equal to the
ratio of molecules occupying the two site types. On
this basis, the sites type III,IV are about 4.4 times
more populated than sites type I,II. The electronic
origin in the vapour spectrum is 21762 cm 1 (Gordon and
Yang, 1970) so that the depression of the transition
energy in the mixed crystal is 562 cm (sites type
_ 1I,II) and 6 70 cm (sites type III,IV) . The greater 
depression for the more populated site suggests that 
the ground state stabilization is also greater at this 
site.
Having established the presence of three electronic 
origins which can be assigned to guests occupying 
crystallographically inequivalent sites, we now consider 
the analysis of the upper state vibrations in detail.
From symmetry arguments, acenaphthylene has 19a^ and
18b2 in-plane fundamentals of which 15a^ and 14b2 modes
_ 1have frequencies below about 1700 cm . Table 5.5 con­
tains a list of observed excited state fundamentals based
on each electronic origin with the intensities (expressed
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TABLE 5.5
EXCITED STATE FUNDAMENTALS OF ACENAPHTHYLENE t
Symmetry Sites type III, IV Sites type I
°1 0 3 0 2
413 (2) - -
526 (10) 524 ? 52 8 (4)
655 (7) 653 ? 663 ? (2)
679 (2) - -
780 (9) 774 781 (9)
9 85 (9) 983 ? 979 (3)
10 35 (7) 10 33 ? 1035 (3)
1077 (9) 1075 ? 1077 (9)
12 32 (6) - 12 35 (2)
132 0 (9) 1319 132 3 (6)
1328 (8) 1326 -
1360 (5) - 1359 ?
1376 (9) 1378 1376 (14)
1501 (8) - -
1569 (6) - -
454 (4) 452 ? 455 (1)
472 (1) - -
847 ? _ - -
10 10 (2) - -
1146 (5) 1151 ? 1145 (2)
1191 (2) 1194 ? -
1224 ? (0) - -
1307 (1) - -
1332 (2) - -
1348 (7) 1346 ? 1345 (4)
1562 (3) 1555 ? 1568 (2)
1575 (1) - -
tFrom Tables 5.3 and 5.4. The intensities (measured as 
line heights relative to the origins O j , O 2 which are 
both arbitrarily set at 10 units) are given in brackets.
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as peak heights) relative to the respective origin given 
in brackets. The assignment of all a^ fundamentals 
(excluding C-H stretching modes) is based on the presence 
of combination bands particularly with the progression 
forming modes of frequency 526, 780, 1077 and 1376 cm
and can be regarded as secure. When assigning some 
lines of the spectrum to origin 0 3 , it has been necessary 
to assume that the vibronic transitions for a number of 
fundamentals based on origins and are coincident
(for example, the lines of frequency 21618, 22077 and
_ 122169 cm ). Thus pairs of lines, corresponding to 
combination bands with the fundamentals 1376 (O^) and
1378 (O3) cm 1, that occur repeatedly throughout the
spectrum with the same relative intensities (for example, 
the pairs 22995, 23000; 23453, 23458; 23543, 23548)
can be satisfactorily assigned. Apart from a number of 
very weak lines, there is one puzzling feature of the fa- 
polarised spectrum that has defied explanation, namely 
the relatively strong doublet of frequency 22465 = 
21092+1373 cm"1.
A total of 10b2 fundamentals associated with the 
allowed origin 0  ^ have been assigned from the c- and 
a-polarised spectra. The four most intense of these 
appear with pure a-polarisat ion based on origin 0  ^;
combinations with a progression forming modes only
_ 1occur for the 1345 cm b^ fundamental. Figure 5.3 
contains a comparison of the c- and a-polarised spectra 
in the regions corresponding to representative b^ 
frequencies based on 0 and 02 . A number of relatively 
strong lines in c- and a-polaris ations have been tent-
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FIGURE 5-3. Comparison of c- and a-polarised 
absorption spectra for regions showing vibron- 
ically induced transitions with pure a-polarisat- 
ion based on origin 02. All energies are in cm
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atively assigned to vibronically induced origins of fre­
quencies 1151 and 1555 cm 1 based on the allowed origin
0 2. However, there is little evidence for the 454 and
_ 11348 cm false origins based on C>3 , unless they coincide
with the same transitions based on 0 1. Although the
-  1 -1line at 1224 cm may be 1222 (0^) = 452+774-4 cm , the
combination 2120 (0^) = 1346+774 cm 1 is not observed.
In conclusion, the evidence is far from sufficient to 
establish the existence of b^ fundamentals of frequencies 
452, 1151, 1346 and 1555 cm 1 based on the third allowed
origin. An investigation at much higher resolution of 
these small splittings which have been attributed to 
different spectra of energetically inequivalent 
molecules at sites type III,IV is required.
There is some evidence for variations, larger than 
can be attributed to experimental error, in the fre­
quencies and intensities of the fundamentals based on the 
three origins, indicating significant differences in 
the excited state potential energy surface for these 
vibrational modes. Similar effects have been previously 
observed in the spectrum of phenanthrene in biphenyl 
(H ochs tr as s e r and Prasad, 1971) .
The vibronically induced origins arise from a
coupling of b^ vibrational modes with A states at higher
- lenergies, for example, system II at 29400 cm . At 
- 1 11000 cm to the blue is another state (system III)
with which totally symmetric fundamentals of the first 
excited state can couple and hence act as vibronic 
origins as well as forming progressions. Similar activity 
of a j modes has been observed in the lowest energy
129 .
( A A y ) transition of phenanthrene (Craig and Gordon,
1965; Hochstrasser and Small, 1966; Craig and Small,
1969). This activity is manifest in the pure crystal 
spectrum by the absence of pronounced Davydov splitting 
of strong a 1 fundamentals which act as vibronic false 
origins. In the mixed crystal spectrum, a lack of 
mirror symmetry in absorption and emission is associated 
with vibronic activity of a^ fundamentals. In the 
spectrum of acenaphthylene, no concrete evidence for such 
activity has been obtained. The pure crystal spectrum
gives no information, owing to the large bandwidths (of
- lthe order of 150 cm ) present. In the mixed crystal 
system, there is an indication that the relatively 
strong upper state a^ mode of frequency 655 cm 1 has 
such activity as it is not observed in fluorescence.
It is difficult to compare the intensities of absorption 
and fluorescence as they are inaccurate especially in 
the latter spectrum.
5.15 The Fluorescence Spectrum
The very weak fluorescence spectrum (unpolarised, 
bc-face), recorded with a Spex spectrometer at approx­
imately 15°K is shown in figure 5.4 and an analysis of
the observed lines is given in Table 5.6. The assignments
_ lare based on origins at 2 1092 (0^) and 21202 ( )  cm
No splitting of the former line was observed. As the 
spectrum is unpolarised, we cannot appeal to polarisation 
behaviour, as was done in absorption, to identify 
vibrational structure based on different origins. The 
following procedure was employed. At first, an attempt 
was made to assign as many lines as possible to vibrat-
(Contd. p .136)
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PLATE BLACKENING
5 5 2  + 1497
—  5 5 2 + 1 4 3 0
— 5 5 2 +  1363
8 0 5 +  2 x 5 5 2
5 5 2  + 1086  
1599
1 4 97
1 4 30  
15 01 (OJ
1363
5 5 2 + 8 0 5
136 3 ( 0 , )
2 x 5 5 2
-  1086
1012
I 0 8 2 ( 0 2)
4 1 7 + 5 5 2
bc-face
1 3 1
TABLE 5 . 6
F L U OR E S C E NC E  SP ECTRUM OF ACENAP HTHYLENE I N ACENAPHTHENE
AT 1 5  ° K ( U N P O L A R I S E D )
- 1 * 
v ( cm )
i
I  n  t .
-1 1 1  
Av ( c m  1 ) A s s i g n m e n t ^ E r r o r
2 1 2 0 2 vw CM
OO
a l l o w e d  o r i g i n ,  0 2
2 1 0 9 2 w 0 , 0 ! a l l o w e d  o r i g i n ,  Ox
2 1 0 5 6 vw 36 3 6 ,  1 a t t i c e
2 1 0 5 0 vw 4 2 4 2 ,  l a t t i c e
2 0 6 7 5 w 4 1 7 4 1 7 ,  a i  o r  b  2
2 0 6 5 2 w 5 5 0 ,02 5 5 0 , a .\
2 0 5 8 2 vw 5 1 0 5 1 0 ,  b  2 ?
2 0 5 4 0 v s 5 5 2 5 5 2 ,  a !
2 0 3 9 9 vw 8 0  3 , 0 2 8 0 3 ,  a !
2 0 2 8 7 w 8 0  5 8 0 5 ,  a !
2 0 1 2 0  d w
9 72
1 0  8 2  , 0 2
4 1 7 + 5 5 2  
1 0 8 2 ,  a !
+ 3
2 0 0 9  7 vw 1 1 0 5 , 0 2 2 x 5 5 0 + 5
2 0 0  8 0 w 1 0 1 2 1 0 1 2 ,  ax  ?
2 0 0 5  5 vw 1 0  3 7 1 0 3 7 ,  a !  ?
2 0 0 0 6 ms 1 0 8 6 1 0  8 6 ,  a  1
1 9 9 8 8 m 1 1 0 4 2 x 5 5 2 0
1 9  8 8 6 vw 1 2 0 6 1 2 0 6 ,  b 2 ?
1 9 8 7 0 vw 1 2 2 2 4 1 7 + 8 0 5 0
1 9 8 4 4 vw 1 3 5 8 , 0  2 5 5 0  + 8 0  5 + 3
1 9 8 3 9 vw 1 36  3 , 0 2 1 3 6 3  , ax
1 9 7 6 9 vw 1 3 2  3 5 1 0 + 8 0 5 + 8
1 9  7 35 m 1 3 5 7 5 5 2 + 8 0 5 0
1 9 7 2 9 m 1 3 6  3 1 3 6 3 ,  a x
1 9 7 0 1 w 1 5 0 1  , 0 2 1 5 0 1 ,  ax
1 9 6 6 2 w 14  30 1 4 3 0 ,  ax  ?
1 9 5 9 5 m 1 4 9  7 1 4 9 7 ,  ax
1 9 5 8 3 w 1 5 0 9 4 1 7 + 1 0 8 6 + 6
1 9 5 6 6 vw
1 5 2 6 4 1 7 + 2 x 5 5 2 + 5
1 6 3 6 ,  0 2 5 5 0 + 1 0 8 2 + 4
1 9 5 2 9 vw 1 5 6  3 5 5 2 + 1 0 1 2 - 1
1 9 4 9  3 m 1 5 9 9 1 5 9 9 ,  ax
1 9 4 5 1 m 1 6 4 1 5 5 2 + 1 0 8 6 + 3
1 9 4 3 5 vw 1 6 5  7 3 x 5 5 2 + 1
19  3 1 9 vw 1 7 7 3 4 1 7 + 5 5 2 + 8 0 5 - 1
19 3 1 3 vw
1 7 7 9 4 1 7 + 1 3 6 3 - 1
1 8  8 9  , 0  2 8 0 3 + 1 0 8 2 + 4
1 9 2 9  3 vw 1 9 0 9 , 0 2 8 0  3 + 2 x 5 5 0 + 6
1 9 2 8 7 w 1 9 1 5  , 0 2 5 5 0 + 1 3 6 3 + 2
19  2 7 4 vw 1 8 1 8 8 0  5 + 1 0 1 2 + 1
1 9 2 1 8 vw 1 8 7 4 5 1 0 + 5 5 2 + 8 0 5 + 7
1 9  2 0 0 w 1 8 9 2 8 0  5 + 1 0 8 6 + 1
1 9 1 8 4 w 1 9 0 8 80  5 + 2 x 5 5 2 - 1
1 9 1 7 8 m 1 9  1 4 5 5 2  + 1 3 6 3  , 4 1 7 + 1 4 9 7 - 1,0
" d "  d e n o t e s  d o u b l e t ;  " s h "  d e n o t e s  s h o u l d e r .
+ -j+
' As  f o r  T a b l e  5 . 3 .
■^The b a s i s  o f  a s s i g n m e n t  t o  t h e  a l l o w e d  o r i g i n s  Ox a n d  O2 
i s  d e s c r i b e d  i n  t h e  t e x t .
1 3 2
TABLE 5 . 6
- 1 , -  1 Vv ( cm ) I  n t  . A v ( cm )
1 9 1 5 2 w 2 0 5 0  , 0 2
1 9 1 1 3 w 1 9 7 9
1 9 0 8 9 vw 2 0 0  3
1 9 0 7 6  d w 2 0 1 6
1 9 0 4 8 m 2 0  4 4
1 9 0 3 5 w 2 0 5 7
1 9 0 1 6 w 2076
1 8 9 9 2 w 2 1 0 0
1 8 9  79 w 2 1 1 3
1 8 9 6 9 vw 2 12  3
1 8 9 5  7 vw 2 1 3 5
1 8 9 4 2 m 2 1 5 0
1 8 9 3 3 vw 2 1 5 9
1 8 9 2 6 w 2 1 6 6
1 8 9  17 w 2 1 7 5
1 8 9 0 0 w 2 1 9 2
1 8 8 7 3 vw 2 2  19
1 8 8 6 1 vw 2 2 3 1
1 8 8 3 3 vw 2 2 5 9
1 8 7 9  5 w 2 2 9  7
1 8 7 8 2 vw 2 3 1 0
1 8 7 5  3 vw 2 4 4 9  , 0 2
1 8 7 3 7 w 2 4 6 5 , 0  2
1 8 7 2 5 w 2 3 6 7
1 8 7 2 1 w 2 3 7 1
1 8 6 9 0 w 2 4 0 2
1 8 6 8 2 vw 2 4 1 0
1 8 6 7 0 w 2 4 2 2
1 8 6 4 8 w 2 4 4 4
1 8 6 4  3 w 2 4 4 9
1 8 6 3 0 w 2 4 6 2
1 8 6 1 8 w 2 5 8 4 , 0  2
1 8 6 0  3 vw 2 4 8 9
1 8 6 0 0 vw 2 6 0  2 , 0 2
1 8 5 8 8 w 2 5 0 4
1 8 5  7 7 w 2 5  15
1 8 5 6 1 w 2 5  3 1
1 8 5 2 7 w 2 5 6 5
1 8 5  1 7 m 2 5  75
1 8 4 9  7 m 2 5 9 5
1 8 4 8 4 w 2 6 0 8
1 8 4 4 2 w 2 6 5 0
1 8 4 0 8 m 2 6 8 4
1 8 3 9  1 w 2 7 0 1
1 8 3 7 5 w 2 7 1 7
1 8 3 6 9 w 2 7 2  3
1 8 3 6 4 w 2 7 2 8
1 8 3 4 8 w 2 7 4 4
1 8 3 4 3  s h vw 2 8 5 9  , 0 2
1 8 3 0 8 w 2 7 8 4
1 8 3 0  3 w 2 7 8 9
1 8 2 7 8 w 2 8 1 4
1 8 2 7 3 w 2 8 1 9
1 8 2  4 1 m 2 8 5  1
1 8 2 2 9 w 2 8 6  3
( c o n t d  . )
A s s i g n m e  n t  E r r o r
5 5 0 + 1 5 0 1  - 1  
5 5 2 + 1 4 3 0  - 3  
5 1 0 + 1 4 9 7  - 4  
4 1 7 + 1 5 9 9  0 
5 5 2 + 1 4 9 7  - 5  
4 1 7 + 5 5 2 + 1 0 8 6  + 2
1 0 1 2 + 1 0 8 6  +2  
1 0 1 2 + 2 x 5 5 2  - 3
5 5 2 + 1 5 9 9  - 1  
5 5 2 + 2 x 8 0 5  - 3  
8 0 5 + 1 3 6 3  - 2  
2 x 1 0 8 6  + 3  
1 0 8 6 + 2 x 5 5 2  + 2
8 0 5 + 1 4 3 0  - 4
8 0 5 + 1 4 9 7  - 5
1 0 8 2 + 1 3 6 3  ? + 4  
2 x 5 5 0 + 1 3 6 3  ? + 2  
5 5 2 + 8 0 5 + 1 0 1 2  - 2  
1 0 1 2 + 1 3 6 3  - 4  
8 0 5 + 1 5 9 9  - 2
5 5 2 + 8 0 5 + 1 0 8 6  + 1  
1 0 8 6 + 1 3 6 3  0 
2 x 5 5 2 + 1 3 6 3  - 5  
1 0 8 2 + 1 4 9 7  + 5
2 x 5 5 0 + 1 4 9 7  +5  
1 0 1 2 + 1 4 9 7  - 5  
1 0 8 6 + 1 4 3 0  - 1  
2 x 5 5 2 + 1 4 3 0  - 3  
4 1 7 + 5 5 2 + 1 5 9 9  - 3  
1 0 8 6 + 1 4 9 7  - 8  
2 x 5 5 2 + 1 4 9 7  - 6  
1 0 1 2 + 1 5 9 9  - 3  
5 5 2 + 1 0 1 2 + 1 0 8 6  0 
1 0 8 6 + 1 5 9 9  - 1  
2 x 5 5 2 + 1 5 9 9  - 2  
4 1 7 + 8 0 5 + 1 4 9 7  - 2  
5 5 2 + 8 0 5 + 1 3 6 3  + 3  
5 5 2 + 2 x 1 0 8 6  - 1  
2 x 1 3 6 3  + 2  
1 0 8 6 + 3 x 5 5 2  + 2  
1 3 6 3 + 1 5 0 1  - 5  
5 5 2 + 8 0 5 + 1 4 3 0  - 3  
1 3 6 3 + 1 4 3 0  - 4
5 5 2 + 8 0 5 + 1 4 9 7  - 3  
1 3 6  3 + 1 4 9  7 + 3  
4 1 7 + 1 0 8 6 + 1 3 6 3  - 3
1 3 3
_ 1
v ( cm ) I  n t .
TABLE
-1
A v ( c m  )
1 8 2 1 3 vw 2 879
1 8 2 0  8 vw 2 9 9 4  ,C>2
1 8 2 0 2 vw 3 0 0 0 , 0 2
1 8 1 8 8 vw 2 9 0 4
1 8 1 7 1 w 29 21
1 8 1 3 8 d w 2 9 5 4
1 8 1 1 8 w 2 9 7 4
1 8 0 9 6 w 2 9 9 6
1 8 0 9 1 w 3 0 0 1
1 8 0 8 0 vw 3 0 1 2
1 8 0 7 1 w 3 0 2 1
1 8 0 6 8 w 3 0 2 4
180 40 vw 3 0 5 2
180  36 w 3 0 5 6
1 8 0 2 4 w 3 0 6 8
1 8 0 0 9 vw 3 0 8 3
1 8 0 0 5 w 30 87
179 88 w 3 1 0 4
1 7 9 6 5 w 312 7
1 7 9 4 4 w 3 1 4 8
179 34 w 3 1 5 8
1 7 8 9  8 w 3 1 9 4
1 7 8 8 8 vw 3 2 0 4
1 7 8 5 4 w 32 38
1 7 8 3 8 vw 3 2 5 4
1 7 8 2 8 s h vw 3 2 6 4
1 7 8 2 4 w 3 2 6 8
1 7 8 1 7 vw 3275
1 7 7 9 7 vw 3295
1 7 7 9 2 vw 3 4 1 0  , 0 2
1 7 7 8 4 vw 330 8
1 7 7 7 2 vw 3 320
1 7 7 5 8 vw 3 3 34
1 7 7 5  2 w 3 3 4 0
1 7 7 2 4 vw 3 3 6 8
1 7 7 2 2 w 3 370
1 7 7 1 2 w 3 380
1 7 6 9 2 w 3 400
176  88 w 3 4 0 4
176 79 vw 3 4 1 3
1 7 6 5 6 vw 3 5 4 6 , 0 2
1 7 6 4 8 vw 3 4 4 4
176 35 vw 345 7
176 20 w 34 72
1 7 6 0 7 vw 3 4 8 5
1 7 6 0  3 vw 3489
1 7 5 8 8 w 3 5 0 4
175 84 w 3 5 0 8
1 7 5 6 6 vw 3 526
1 7 5 5 5 vw 35 37
1 7 5 4 3 vw 3549
175 38 vw 3 5 5 4
1 7 5 1 8 w 3 5 7 4
1 7 5 0 5 vw 3 5 8 7
( c o n  t d .)
As s i g n m e n t E r  r o  r
4 1 7 + 2 x 5 5 2 + 1 3 6 3 - 5
5 5 0 + 1 0 8 2 + 1 3 6 3 - 1
2 x 1 5 0 1 - 2
1 0 1 2 + 8 0 5 + 1 0 8 6 + 1
1 4 3 0 + 1 4 9 7 6
5 5 2 + 8 0 5 + 1 5 9 9 - 2
1 36 3 + 1 5 9 9 - 8
2 x 1 4 9 7 + 2
5 5 2 + 1 0 8 6 + 1 3 6 3 0
1 3 6 3 + 3 x 5 5 2 + 2
14 30+ 1 5 9 9 - 5
5 5 2 + 1 0 1 2 + 1 4 9  7 - 5
5 5 2 + 1 0 8 6 + 1 4 3 0 0
1 4 9 7 + 1 5 9 9 + 8
5 5 2 + 1 0 8 6 + 1 4 9 7 - 8
1 4 9 7 + 3 x 5 5 2 - 5
5 5 2 + 1 0 1 2 + 1 5 9 9 - 5
2 x 1 5 9 9 - 4
5 5 2 + 1 0  86 + 1 5 9 9 + 1
8 0 5 + 1 0 8 6 + 1 3 6 3 0
3 x 1 0 8 6 + 6
552  + 2 x 1 3 6  3 - 3
5 5 0 + 1 3 6 3 + 1 5 0 1 - 4
8 0 5 + 1 0 1 2 + 1 4 9 7 - 6
4 1 7 + 5 5 2 + 8 0 5 + 1 5 9 9 - 3
4 1 7 + 1 3 6 3 + 1 5 9 9 + 1
8 0 5 + 2 x 5 5 2 + 1 4 9  7 - 6
5 5 2 + 1 3 6 3 + 1 4 9 7 - 8
8 0 5 + 1 0 1 2 + 1 5 9 9 - 3
5 5 0 + 2 x 1 5 0 1 - 6
1 0 1 2 + 1 0 8 6 + 1 3 6 3 - 4
1 0 1 2 + 2 x 5 5 2 + 1 3 6 3 - 7
8 0 5 + 1 0 8 6 + 1 5 9 9 - 1
80 5 + 2 x 5 5 2  + 1 5 9 9 - 4
5 5 2 + 1 3 6 3 + 1 5 9 9 - 6
1 3 6 3 + 2 x 1 0 8 6 + 2
5 5 2 + 2 x 1 4 9 7 + 3
1 0 1 2 + 1 0 8 6 + 1 4 9 7 - 8
1 3 4
TABLE 5 . 6 ( c o n  t d  . )
v ( cm ) I n t  . A v ( cm 1 ) A s s i g n m e  n t E r r o r
1 7 4 8 6 3 6 0 6
1 4 3 0 + 2 x 1 0 8 6 + 4
w - 71 0 1 2 + 2 x 5 5 2 + 1 4 9 7
1 7 4 7 2 vw 3 6 2 0 4 1 7 + 2 x 1 5 9 9 + 5
1 7 4 5  3 w 3 7 4 9  , 0 2 -
1 7 4 3 7 w 3 6 5 5 5 5 2 + 1 4 9 7 + 1 5 9 9 + 7
1 7 4 1 3 vw 3 6 7 9 -
1 7 4 0 5 vw 3 6 8 7 -
1 7 3 9 7 vw 3 6 9 5 1 0 1 2 + 1 0 8 6 + 1 5 9 9 - 2
1 7 3 8 2 vw 3 7 1 0 1 0 1 2 + 2 x 5 5 2 + 1 5 9 9 - 5
1 7 3 6 6 vw 3 7 2 6 -
1 7 3 4 8 vw 3 7 4 4 -
1 7 3 3 7 w 3 7 5 5 5 5 2 + 2 x 1 5 9 9 + 5
1 7  3 33 s h vw 3 7 5 9 80  5 + 1 3 6  3 + 1 5 9 9 - 8
1 7 3 1 9 vw 3 7 7 3 1 5 9 9 + 2 x 1 0 8 6 + 2
1 7 3 0  3 vw 3 7 8 9 -
1 7 2 9  3 vw 3 7 9 9 -
1 7 2  86 w 3 8 0 6 1 0 8 6 + 2 x 1 3 6 3 - 6
1 7 2  72 vw 3 8 2 0 -
1 7 2 6 5 vw 3 8 2  7 -
1 7 2  3 3 vw 3 8 5 9 -
1 7 2  1 5 w 3 8 7 7 1 0 1 2 + 1 3 6  3 + 1 4 9 7 + 5
1 7 2 0 0 vw 3 8 9  2 -
1 7 1 8 4 vw 3 9 0 8 8 0 5  + 1 4 9  7 + 1 5 9 9 + 7
1 7 1 6 1 w 39 31 -
1 7 1 4 2 vw 3 9 5 0 1 0  8 6 + 1 3 6  3 + 1 4 9  7 + 4
1 7 1 3 7 vw 3 9 5 5 -
1 7 1 2 9 vw 3 9 6  3 1 0 1 2 + 1 3 6  3 + 1 5 9 9 - 1 1
1 7 0  8 8 vw 4 0 0 4 1 0 1 2 + 2 x 1 4 9 7 - 2
1 7 0 6 9 vw 4 0 2 3 -
1 7 0 5 0 d w 4 0 4 2 1 0 8 6 + 1 3 6 3 + 1 5 9 9 - 6
1 7 0  3 8 vw 4 0 5 4 -
1 7 0  33 vw 4 0 5 9 -
1 7 0 1 5 vw 4 0  77 1 0 8 6  + 2 x 1 4 9  7 -  3
1 6 9 9 4 vw 4 0 9 8 -
1 6 9  79 vw 4 1 1 3 1 0 1 2 + 1 4 9 7 + 1 5 9 9 + 5
1 6 9 5  1 d vw 4 1 4 1 -
1 6 9 4 5 vw 4 1 4 7 -
1 6 9  36 vw 4 1 5 6 1 4 3 0 + 2 x 1 3 6 3 0
1 6 9 1 9 vw 4 1 7  3 -
1 6 9 0 8 vw 4 1 8 4 1 0 8 6 + 1 4 9 7 + 1 5 9 9 + 2
1 6 9 0 1 vw 4 1 9 1 -
1 6 8 9 0 vw 4 2 0  2 -
1 6 8 8 5 w 4 2 0  7 1 0 1 2 + 2 x 1 5 9 9 - 3
16 8 7 0 vw 4 2 2 2 1 4 9 7 + 2 x 1 3 6 3 - 1
16 8 4 8 vw 4 2 4 4 -
1 6 8 1 5 w 42 7 7 1 0 8 6 + 2 x 1 5 9 9 - 7
1 6 7 8 3 w 4 3 0 9 -
16  7 6 4 vw 4 3 2  8 1 5 9 9  + 2 x 1 3 6  3 + 3
1 6 7 5 0 vw 4 3 4 2 -
16  7 4 4 vw 4 3 4 8 -
1 6 7 3 6 vw 4 3 5 6 1 3 6 3 + 2 x 1 4 9 7 - 1
1 6 7 1 4 vw 4 3 7 8 -
1 6 6  80 vw 4 4 1 2 -
1 6 6 6 4 vw 4 4 2 8 1 4 3 0  + 2 x 1 4 9  7 + 4
1 6 6 5 0 vw 4 4 4 2 -
1 6 6  33 vw 4 4 5 9 1 3 6  3 + 1 4 9  7 + 1 5 9 9 0
1 3 5
T A B L E  5 . 6  ( c o n t d . )
- 1
v ( c m ) I  n  t . A v ( c m  ) A s  s i g n m e n  t E r r o r
1 6 6  1 0 v w 4 4 8 2 -
1 6 5 7 7 vw 4 5  1 5 -
1 6 5 4 7 vw 4 5 4 5 -
1 6 5 3 5 vw 4 5  5 7 1 3 6 3 + 2 x 1 5 9 9 - 4
1 6 5 0 2 vw 4 5 9 0 -
1 6 4 9  7 vw 4 5 9 5 1 5 9 9  + 2 x 1 4 9  7 + 2
1 6 4 6 4 vw 4 6 2 8 -
1 6 4 2 9 vw 4 6 6  3 -
1 6  3 9 8 vw 4 6 9 4 1 4 9  7 + 2 x 1 5 9 9 - 1
1 6  3 6 7 vw 4 7 2 5 -
1 6  3 5 6 vw 4 7 3 6 5 5 2 + 1 0 8 6 + 1 4 9 7 + 1 5 9 9 + 2
1 6  3 3 9 vw 4 7 5  3 -
1 6  3 3  3 vw 4 7 5 9 -
1 6 2 6 2 vw 4 8 3 0 -
1 6  2 3 1 vw 4 8 6 1 -
1 6 2 1 3 vw 4 8 7 9 -
1 6 1 9 2 vw 4 9 0 0 -
1 3 6  .
i o n a l  s t r u c t u r e  b a s e d  on 0 1 a s  t h i s  w i l l  b e  t h e  m o s t  
i n t e n s e .  T h e n ,  r e t r a c i n g  o u r  s t e p s ,  a n y  l i n e s  b a s e d  on 
C>2 w h i c h  c o r r e s p o n d e d  t o  s t r o n g e r  l i n e s  b a s e d  on 0  ^ w e r e  
a s s i g n e d  t o  t h e  f o r m e r  o r i g i n .  I n  t h i s  wa y  t h e  n u m b e r  
o f  f u n d a m e n t a l s  r e q u i r e d  t o  f i t  t h e  s p e c t r u m  w a s  r e d u c e d  
t o  t w e l v e .  T h i s  i s  r e g a r d e d  a s  t h e  b e s t  a s s i g n m e n t  
p o s s i b l e ,  e v e n  t h o u g h  i t  i s  r e a l i s e d  t h a t  t h e  m e t h o d  
may p a s s  o v e r  w e a k  f e a t u r e s  o f  t h e  s p e c t r u m  b a s e d  on 
o r i g i n  0 ^ .
Of  t h e  t w e l v e  f u n d a m e n t a l s ,  t h o s e  f o r m i n g  p r o ­
g r e s s i o n s  m u s t  h a v e  a } s y m m e t r y  a n d  t h e  r e m a i n d e r  a r e  
e i t h e r  a 1 o r  b 2 i n - p l a n e  m o d e s .  F r o m a c o r r e l a t i o n  o f  
f r e q u e n c i e s  o b s e r v e d  i n  t h e  f l u o r e s c e n c e  s p e c t r u m  a n d  
i n  t h e  Raman s p e c t r u m  ( i n  CCl ^  s o l u t i o n )  d e f i n i t e
a s s i g n m e n t s  f o r  a l l  t h e s e  f u n d a m e n t a l s  e x c e p t  t h e  417
_ 1
cm l i n e  c a n  b e  ma d e  ( T a b l e  5 . 7 )  . T h e  Raman p e a k  a t  412  
-  1
cm w i t h  a d e p o l a r i s a t i o n  r a t i o  o f  0 . 8 ,  w o u l d  b e  
a s s i g n e d  t o  b 9 s y m m e t r y .  H o w e v e r ,  t h e  413 cm u p p e r
s t a t e  f u n d a m e n t a l  h a s  a 1 s y m m e t r y  a s  d o e s  t h e  421  cm
1"g r o u n d  s t a t e  f u n d a m e n t a l  o f  a c e n a p h t h e n e , o f  w h i c h  t h e  
s t r u c t u r e  i s  v e r y  s i m i l a r  t o  a c e n a p h t h y l e n e .  F o r  t h e s e  
r e a s o n s ,  t h e  a s s i g n m e n t  o f  t h i s  f u n d a m e n t a l  t o  b 2 
s y m m e t r y  f o r  a c e n a p h t h y l e n e  i s  r e g a r d e d  a s  q u e s t i o n a b l e .
The  o n l y  f l u o r e s c e n c e  s p e c t r u m  o f  a c e n a p h t h y l e n e  
r e p o r t e d  i n  t h e  l i t e r a t u r e  i s  t h a t  m e a s u r e d  by
M i k h a i l e n k o  a n d  T e p l y a k o v  ( 1 9 6 7 )  i n  p o l y c r y s t a 1 l i n e
o
n - h e x a n e  m a t r i x  a t  77 K.  Th e y  r e p o r t e d  t h a t  t h e  
l o w e s t - e n e r g y  l i n e  i n  a b s o r p t i o n  c o i n c i d e d  w i t h  t h e  
h i g h e s t - e n e r g y  f l u o r e s c e n c e  l i n e  ( t h e  s t r o n g e s t  c o m p o n e n t  
o f  t h e  m u l t i p l e t  a t  2 1 9 6 0  cm *) . B r e e  e_t ad^. ( 1 9 6 9 a )
+
B r e e  e t  a l .  ( 1 9 6 9 b )
137 .
TABLE 5 . 7
GROUND STATE FUNDAMENTALS OF ACENAPHTHYLENE
Fluores cen ce t Raman i t(Solution) Symmetry
417 ( a l o r V 412 (0.8, not a 1 ) b 2 ?*
510 ( a l o r b 2 ) 50 7 (0.7, not a ^ ) b 2
552 ( a i ) 548 (0.19, ai ) a i
- 637 (0.09, a ) a l
- 657 (0.04, a :) a i
805 ( a i ) 80 2 (<0.2, a1) a l
10 12 ( a l o r b 2 ) 1011 (0.06, ax) a l
10 37 ( a l o r b 2 ) 10 31 (0.11, a }) a i
1086 ( a i ) 1078 (0.10, a x) a l
1206 ( a l o r b 2> 1199 (0.8, not a ^ ) b 2
- 122 3 (0.6, not a ) 1 not a^
- 1247 (0.25, a1) a i
136 3 l a i ) 135 7 (0.16, ax) a 1
- 1386 ( 0 .8, not a ) not a 1
1430 (ai o r V 1425 (0.10, a L) a 1
1497 (ai) 1492 (0.07, a L) a i
1599 U 1) 1598 (0.10, ax) a l
- 1620 (0.65, not a1) not a 1
From Table 5.6 with symmetry assignment in brackets. 
•f CCl^ solution with depolarisation ratio and symmetry 
assignment in brackets. The depolarisation ratio is 
assumed to be 0.75 for non-totally symmetric 
vibrations and to fall in the range 0-0.75 for 
totally symmetric vibrations. The accuracy of these 
ratios depends on the intensity of Raman scattering.
*See text for explanation.
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TABLE 5.8
CORRELATION OF EXCITED AND GROUND STATE FUNDAMENTALS OF
fACENAPHTHYLENE
Symme try
b 2
Excited State
413 
526 
655 
679 
780 
9 85 
1035 
1077 
12 32 
1320 
1328 
1360 
1378 
15 01 
1569
454 
472 
847 ?
1010 
1146 
1191 
1224 ?
1307 
1332 
1348 
156 3 
15 75
Ground State
417 ?
55 2
6 3 7 R ?
6 5 7 R ?
805 
1012 
10 37 
1086 
1247R ?
136 3 ?
1430 ?
1497
1599
510 ?
1206 ? 
1223R ?
1386R ? 
1620R ?
Frequencies measured from aldowed electronic origin, 
O } of absorption and fluorescence spectra. "R" 
denotes measurements from Raman (solution) spectrum.
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could not reproduce these results, finding that the 
fluorescence was too weak to be photographed and that 
the origin in absorption occurred at 21382 cm .
In view of this discrepancy and the fact that only 
three fundamentals of this spectrum agree (to about 
10 cm ) with the results presented in this chapter, a 
detailed comparison of the fluorescence spectra has not 
been made.
To conclude this study of the lowest energy 
electronic transition of acenaphthylene, a tentative 
correlation of ground and upper state fundamentals is 
given in Table 5.8. Only seven of these (all with a 1 
symmetry) seem secure.
5.2 HOST-GUEST INTERACTIONS
5.21 Calculations of the Vapour to Crystal Shift
The electronic spectra of dilute mixed crystals 
have been studied theoretically by a number of workers 
(Craig and Thirunamachandran, 1963; Body and Ross,
1966; Craig and Philpott, 1966; Sommer and Jortner, 
1969). Generally two limiting cases of host-guest inter­
actions are considered. In a pure crystal, the energy 
levels corresponding to a given electronic transition 
are spread into a band with a width depending on the 
intermo1ecu1ar interactions. In dilute mixed crystals, 
the perturbation of the host energy levels by the im­
purity is expected to be negligible. For shallow traps 
the exciton bandwidth is of the order of the energy 
difference between the transitions of the guest and host 
so that the host band structure must be taken into
account. On the other hand, when the exciton bandwidth
1 4 0  .
i s  s m a l l  c o m p a r e d  t o  t h e  h o s t - g u e s t  e n e r g y  s e p a r a t i o n ,  
t h e  d e e p  t r a p  l i m i t  a p p l i e s  a n d  o n l y  t h e  h o s t  m o l e c u l a r  
e n e r g y  l e v e l s  n e e d  b e  c o n s i d e r e d .  S i n c e  t h e  a c e n a p h t h y l e n e -  
a c e n a p h t h e n e  e n e r g y  g a p  i s  a l m o s t  1 0 , 0 0 0  c m-1 ( ^ 1 . 2 2 e V ) , 
t h e  p e r t u r b a t i o n  a p p r o a c h  o f  C r a i g  a n d  T h i r u n a m a c h a n d r a n  
( 1 9 6 3 )  f o r  d e e p  t r a p s  c a n  b e  u s e d .
T h e  H a m i l t o n i a n  f o r  a c r y s t a l  o f  N m o l e c u l e s ,  o n e  
o f  w h i c h  i s  t h e  g u e s t  o c c u p y i n g  s i t e  1 o f  t h e  m t h  u n i t  
c e l l  i s  g i v e n  b y
H  =  H  Q +  H  ' ( 5 . 1 )
w h e r e
?  ' H  . + 5 .
i p  i p  lm ( 5 . 2 )
an  d
Z ' 7
i p  1 m , i p ( 5 . 3 )
w h e r e  H .  i s  t h e  H a m i l t o n i a n  o f  t h e  h o s t  m o l e c u l e  i p ,i p
H  ■> i s  t h e  H a m i l t o n i a n  o f  t h e  g u e s t  m o l e c u l e  a n d  V  i s  1 m
t h e  i n t e r a c t i o n  p o t e n t i a l .  T h e  p r i m e d  s u m o m i t s  i p  = 
l m.  H o s t - h o s t  i n t e r a c t i o n s  a r e  o m i t t e d  i n  t h i s  t r e a t m e n t  
T h e  c r y s t a l  g r o u n d  s t a t e  may  b e  w r i t t e n  a s  a s i m p l e  
p r o d u c t  o f  f r e e  m o l e c u l e  w a v e f u n c t i o n s  :
$
G * 1 1 * 2 1 ^ l m ^ 2 m ............  ^h  , N / h ( 5 . 4 )
w h e r e  (J> a n d  ^ a r e  t h e  g r o u n d  s t a t e  w a v e  f u n  c t i o n s  o f  h o s t  
a n d  g u e s t  r e s p e c t i v e l y .  T h e  e x c i t e d  s t a t e  w a v e  f u n c t i o n s  
a r e  f o r m e d  f r o m  t h e  N l o c a l i s e d  e x c i t a t i o n  w a v e  f u n c t i o n s  
( 5 . 5 )  f o r  e x c i t a t i o n  o f  e a c h  m o l e c u l e  i n  t u r n ,
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1 1
1 m
(j) ...y 2 1 r 1 m T 2 m ^h,N/h ,
\ (5.5)
(b . . .
*2 1 . . . iK rd) ylmy2m ^h ,N /h ,
¥ swhere ip and 4> are the wave functions of the rth and s th 
excited states of the guest and host molecules respect­
ively. We have considered only one excited state of the 
host. Others can easily be included by taking the 
appropriate localised wavefunctions as has been done in 
the calculations to follow. The crystal wave functions 
for the excited states are given by linear combinations 
of the localised excitation wave functions .
The energy levels of the lowest excited state and 
the ground state can be determined by perturbation 
theory. With the assumption that the lowest spectro­
scopic transition in the guest is below that of the host, 
the corrections to the transition energy of the guest are:
(l)A e =  E ' i|jr | F .  . |<J>. i K ; >guest j_p I ip lm1 ip, lm1 ip 1™
- <*ip*l»l,rip,lnl+ip*l»>
(5.6)
an d
A e (2)guest E 'ip
ip
A co r . s - A  co A  co
ip
A co
(5.7)
wh ere
rs , s , I T, I , . r
< • iK  V . ^  >ip ip lm i p ,lm ip lm (5.8)
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r sand A coG , and A refer to the transition energies to the 
rth and sth excited states of guest and host respectively. 
The first order term is simply the change in static inter­
actions in the two states. The second order terms are 
dispersion interactions involving the host and guest 
excited states. To evaluate the expressions, V is expanded 
as a multipole series about the molecular centres, retain­
ing the first non-zero term. For the acenaphthylene- 
acenaphthene system this is the familiar dipole-dipole 
term which has been discussed elsewhere (section 3.42).
Craig and Thirunamachandran (1963) applied the 
theory to the tetracene-anthracene and anthracene- 
naphthalene mixed crystal systems. However, they only 
calculated the first term in (5.7) and found it to be 
small in comparison to the vapour to crystal shifts. It 
is generally acknowledged that the second order corrections 
in this theoretical framework are small, the major con­
tributions arising from the first order correction. If 
crystal field mixing of guest excited states is accounted 
for, the second order dispersion terms that arise would 
contribute significantly to the shift.
There has been no attempt, to our knowledge, to 
evaluate the first order terms that arise in the deep 
trap limit. The present system under study provides an 
ideal application since the guest and host have ground 
state permanent dipole moments and the terms are easily 
calculable. Furthermore, it is of interest to define which 
terms make significant contributions to the site splittings 
observed in the absorption spectrum of the mixed crystal.
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Application to the Aoenaiphthy Zene-Aoenaiphthene Mixed 
Crystal
For the two crysta1lographically inequivalent sites 
in this system, the vapour to crystal shifts for the 
lowest energy transition of acenaphthylene are:
-562 for sites type I,II 
-670 for sites type III,IV.
-1The error in each value is approximately 5 cm . In the 
dipole-dipole approximation, the terms in (5.6) and (5.7) 
all depend on the free molecule properties (the permanent 
and transition dipole moments) and geometrical factors, 
determined by the crystal structure. These are the sums 
of dipole-dipole interactions and the squares of dipole- 
dipole interactions and for the acenaphthene crystal 
are tabulated in Appendix 4. They were calculated using 
the program described in Appendix 2 and the crystal 
structure data in Appendix 1.
The values of the free molecule properties required 
for the calculation are listed in Table 5.9. Only the 
four lowest energy transitions of the host have been in­
cluded as these are the most important owing to the 
energy denominator in the second order corrections. 
Vibrational structure of transitions has not been 
considered, the total oscillator strength being concen­
trated in the origin band. This leads to overestimation 
of the terms which, as we shall see, are small so that 
neglect of vibrational structure is unimportant. The 
permanent dipole moments of the ground and first excited 
states of acenaphthylene are not known. The value of
1.0D chosen for the ground state moment probably represents
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TABLE 5.9
DATA FOR THE CALCULATION OF VAPOUR TO CRYSTAL SHIFT
ELECTRONIC TRANSITIONS:
Mo 1e cule v (cm 1) Pol. f* M (e-R)
Acenaphthylene* 21450 L 0.003 0.123
Acenaphthene** 31160 L
33280 M
43710 L
45100 M
0.0055 0.128 
0 . 125 0.588 
0.9 1.378 
0.2 0.639
DIPOLE MOMENTS:
Mo 1e cule y (deby es) y (e-R)
tAcenaphthylene o1—1 0.208
, , 11 Acenaphthene 0.85 0.177
*The oscillator strengths for acenaphthylene and the 
first two transitions of acenaphthene are concentrated 
in the origin bands.
*T ab 1e 5.1.
* *B re e ( 1963) .
iAssumed upper limit.
ftMcClellan (1963).
145 .
TABLE 5.10
CONTRIBUTIONS TO THE VAPOUR TO CRYSTAL SHIFT*
Co r re c ti on Site type Difference
I ,11 III ,IV be tween site types
1st Order: AyG +
1.0D -24.8 34.8 -59.6
0.5 D -12.4 17.4 -29.8
0.25D -6.2 8.7 -14.9
2nd Orde r : ftTe rm
A -6.92 -4 . 35 -2.57
B 1.92 1.48 0.52
C 0.05 0.03 0 .02
* A 11 values in cm - 1
Assumed changes in the permanent dipole moment of 
acenaphthylene upon excitation.
+ +A , B , C correspond to the terms in (5.7) with the 
order taken from left to right.
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the upper limit. A range of values covering those found 
for typical aromatic hydrocarbons, for example, phenanthrene 
(0.34D) and azulene (1.21, 1.10D for the first and second
singlet states) (Hochstrasser and Noe, 1969, 1970) for
the change in dipole moment on excitation have been 
con s i de re d .
The results of the calculations are given in Table 
5.10. We note that none of the terms can account for even 
5 percent of the measured shifts, taking into account the 
restriction of the summation over all host states to the 
four of lowest energy. The second order terms for the 
interaction of permanent and transition moments are 
negligibly small. The term which couples the transition 
moments of guest and host molecules provides a small 
contribution to the site splitting. What is interesting 
is that for the two site types, this term is negative 
while the first order correction has opposite signs and 
makes a significant contribution (perhaps 25 to 50 per­
cent) to the site splitting even though its contribution 
to the vapour to crystal shift is much smaller. It is 
unfortunate that the change in permanent dipole moment 
upon excitation is not known.
It must be remembered that the application of the 
dipole-dipole approximation to molecular crystals is not 
strictly valid. As discussed in section 3.42, there is 
overlap of charge distributions for neighbouring molecules 
in crystals and this leads to errors in the magnitudes 
of the dipole sums. This is not expected to seriously 
affect the conclusions given above. More importantly, 
higher multipoles in the expansion of the interaction
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potential should be included when the dipole moments are 
small, which is certainly true for the'lowest energy 
transition of acenaphthylene. A similar situation arises 
for the pure crystal spectrum of naphthalene in which 
the octupole transition moment plays an important part 
in the intermolecular resonance in the crystal (Craig and 
Walmsley, 1961).
No allowance has been made for the mixing of guest
transitions under the influence of the crystal field
which would give rise to further second order terms.
However, in this regard, Bree et al. (1969) note that
for the origin band of the lowest energy transition of
acenaphthylene, (^95 Z .mole 1 cm 1 ) is three times
-1 -1e , . . (^3 1 Z .mole cm ) and infer that mixing withsolution
other states has not occurred.
5.22 Calculation of the Equilibrium Orientation of 
the Guest
It was inferred from the mixed crystal spectrum 
that acenaphthylene guests possess three distinct 
orientations in acenaphthene host (as shown by the 
origins Oj , 02 and C>3 ) . The two most predominant orient­
ations involve near perfect substitution at crystallo- 
graphically inequivalent sites. The third distinct 
site is believed to involve a minor mi sorientation of 
the M-axis at sites type III,IV.
The equilibrium orientations of the guest should be 
at the minimum in the repulsive energy between the guest 
and the host matrix. The atom-atom method (section 3.41) 
can be used to find such minima as a function of the
degrees of freedom of the guest, with the assumption that
1 4 8  .
t h e  s u r r o u n d i n g  h o s t  l a t t i c e  i s  n o t  d i s t u r b e d  b y  t h e  
p r e s e n c e  o f  t h e  g u e s t .  I n  t h e  f o l l o w i n g  a p p l i c a t i o n  t o  
t h e  a c e n a p h t h y  1 e n e - a c e n a p h t h e n e  m i x e d  c r y s t a l ,  t h i s  
a p p r o x i m a t i o n  i s  e x p e c t e d  t o  b e  a g o o d  o n e .
On t h e  b a s i s  t h a t  t h e  s i t e  s y m m e t r y  i n  t h e  
a c e n a p h t h e n e  c r y s t a l  i s  n o t  r e d u c e d  a t  p o i n t s  o f  
s u b s t i t u t i o n  b y  t h e  g u e s t ,  t h r e e  d e g r e e s  o f  f r e e d o m ,  t h e  
a - a n d  c -  c o o r  d i  n a t e  s o f  t h e  m o l e c u l a r  c e n t r e s  a n d  t h e  a n g l e  
o f  r o t a t i o n  a b o u t  t h e  m o l e c u l a r  L - a x i s  m u s t  b e  c o n s i d e r e d .  
F o r  m o l e c u l e s  a t  s i t e s  t y p e  I , I I  t h e  c - c o o r d i n a t e  i s  
a s s u m e d  t o  b e  0 . 0  a s  t h e r e  i s  a p s e u d o  m i r r o r  p l a n e  ( a b )  
t h a t  e x i s t s  f o r  t h i s  l a y e r  o f  c r y s t a l l o g r a p h i c a l l y  i n ­
e q u i v a l e n t  m o l e c u l e s  i n  t h e  p u r e  c r y s t a l .
I n i t i a l  c a l c u l a t i o n s  e n t a i l e d  a d e t e r m i n a t i o n  o f  
t h e  r e p u l s i v e  e n e r g y  a s  a f u n c t i o n  o f  a p a r t i c u l a r  d e g r e e  
o f  f r e e d o m  ( t h e  o t h e r s  t a k i n g  t h e  v a l u e s  o f  t h e  d i s p l a c e d  
h o s t  m o l e c u l e )  a s  d e s c r i b e d  i n  A p p e n d i x  5 u s i n g  t h e  
c r y s t a l  a n d  m o l e c u l a r  s t r u c t u r e  d a t a  i n  A p p e n d i x  1 .  S i n c e  
t h e  c o e f f i c i e n t s  f o r  a r o m a t i c - a l i p h a t i c  i n t e r a c t i o n s  a r e  
n o t  k n o w n ,  t wo  d i f f e r e n t  s e t s  w e r e  t r i e d .  T h e  i n t e r a c t i o n s  
w e r e  a s s u m e d ,  a t  f i r s t ,  t o  b e  a r o m a t i c - a r o m a t i c  a n d  t h e  
p a r a m e t e r s  o f  Ra e  a n d  Ma s o n  ( 1 9 6 8 )  w e r e  u s e d .  A l t e r n ­
a t i v e l y ,  t h e  p a r a m e t e r s  f o r  a l i p h a t i c - a l i p h a t i c  i n t e r ­
a c t i o n s  o f  De C o e n  e_t a l . ( 196  7) w e r e  u s e d .  A s i n g l e
m i n i m u m  f o r  e a c h  s i t e  t y p e  wa s  f o u n d ,  n o  m a t t e r  w h i c h  
p a r a m e t e r i s a t i o n  w a s  u s e d .  An e n e r g y  m i n i m i s a t i o n  u s i n g  
t h e  s i m p l e x  m e t h o d  f o r  a l l  d e g r e e s  o f  f r e e d o m  wa s  t h e n  
t r i e d .  E v e n  t h o u g h  d i f f e r e n t  i n i t i a l  v a l u e s  w e r e  c h o s e n ,
a s i n g l e  e n e r g y  m i n i m u m  a l w a y s  h a v i n g  t h e  s a me  v a l u e
-  4 -  1
( t o  10 k c a l . m o l e  ) w a s  f o u n d  f o r  e a c h  s i t e  t y p e .  Th e
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TAB LE 5.11
CALCULATED EQUILIBRIUM ORIENTATION OF ACENAPHTHYLENE IN
ACENAPHTHENE HOST
Site type Degree of +Parameterisation Oriented
free dom*
(1) (2)
gas
value
I »II a 2.805 2.767 2.894
a -1.1 -1.2 0 . 0
III ,IV a 1.920 1.968 1.953
c 4.081 4.058 4.077
a 3.4 4.1 0.0
*The angle a is the deviation (in degrees) from the 
oriented gas value for rotation about the L-axis and 
is positive in the sense c to a. The a-and c-co- 
ordinates are in angstroms.
•f*Aromatic-aliphatic interactions treated as aromatic- 
aromatic (1) or as aliphatic-aliphatic (2) .
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ANGLE (degrees)
FIGURE 5-5. Variation of intermolecular repulsive 
energy with rotation about the L-axis of an acenaphth­
ylene molecule at sites type 1,11 and 111,1V in acen- 
aphthene host.
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molecular orientations corresponded within the error of 
the method to that predicted by the oriented gas approx­
imation (Table 5.11). In addition, only one orientation 
is predicted for guest molecules at sites type III,IV.
A plot of the repulsive energy as a function of the 
angle of rotation is shown in figure 5.5. The other 
degrees of freedom take the values calculated for the 
parameterisation (1) of Table 5.11. As the curves have 
comparable shapes, it is difficult to believe that, for 
sites type III,IV, there are two very close energy minima 
separated by a few degrees from which two distinct 
orientations arise. The absence of a double minimum in 
the intermolecu1ar repulsive energy suggests that the 
origin 0 3, is not associated with a guest having a minor 
misorientation of the M-axis and that some other explan­
ation must be sought.
5 . 3 MULTIPLE SITES IN MIXED CRYSTALS - A SURVEY AND A 
SPECULATION
In the study of mixed crystals it is generally 
assumed that the impurity molecule (guest) adopts the 
same orientation as the host molecule. While this is 
certainly the case in many instances, for example, 
naphthalene in durene (McClure, 1954; Hutchison and 
Mangum, 1961) there are a growing number of observations 
that indicate the presence of energetically distinct 
orientations of the guest in mixed crystals. The observ­
ations include multiplet structure of electronic trans­
itions and distinct sets of magnetic fine structure axes 
at a lattice site in crystals. An attempt is made in 
following sections to systematise the current knowledge
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of impurity sites in crystals. This leads to speculation 
on the magnitudes of multiplet splittings in the electronic 
spectra of these systems. We begin with a discussion of 
perfect substitution in crystals.
5.31 The Concept of Perfect Substitution
The formation of a mixed crystal is assumed to involve 
one-for-one substitution of host by guest without disturb­
ance to the surrounding lattice. The symmetry of the 
crystal field at a lattice site is the same as for the 
host crystal. We restrict consideration at the moment to 
crystals possessing one crystallographic species.
It is immediately possible to distinguish two 
categories of mixed crystals: one where the site symmetry
is unaltered from that of the pure crystal and the second 
in which the site symmetry is reduced. The site symmetry 
is defined by the group which is the highest order sub­
group common to the molecular point group of the impurity 
and the site group of the pure crystal. In other words, 
a mixed crystal belongs to the second category when the 
site group of the host crystal is not a subgroup of the 
molecular point group. Examples of the two categories 
are, respectively, the mixed crystal systems of 1,5- 
diazanaphthalene (or 1 , 5-naphthyridine) in naphthalene 
(site symmetry C.) and 1,4-diazanaphthalene (or quinox- 
aline) in the same host.
For perfect substitution, the principal axes of the 
guest possess the same orientations as those of the dis­
placed host molecule. The orientation of the host is 
specified by the direction cosines between an orthogonal 
molecular-based axes system (L, M, N) and the orthogonal
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axes (a, b, c) of the crystal. The molecular axes are 
defined, as far as possible, by the molecular symmetry.
From symmetry considerations, the guest orientation is 
defined only in so far as the guest and host have symmetry 
elements (and hence, molecular axes) in common. As 
examples, consider the substitution of quinoxaline and 
quinazoline (1,3-diazanaphthalene) in a monoclinic P2 ^ /c 
crystal with site symmetry such as naphthalene or durene .
In the mixed crystal, the site symmetry is C^. For quinox­
aline the three molecular axes are defined by the Cx 2 v
molecular point group so that the orientation of the guest 
is specified except for the position of the origin. How­
ever, for quinazoline, only the orientation of the N-axis 
is fixed by the molecular point group symmetry c 1^ •
When symmetry considerations fail to specify the 
orientation completely, the guest can be assigned a 
pseudo-symmetry which corresponds to the symmetry of the 
host molecule. This approximation is only useful when a 
close correspondence of molecular shape exists, as for 
example, between azanaphthalenes and naphthalene.
An interesting situation may arise when the guest 
free molecule symmetry is lower than that of the host.
For perfect substitution at a lattice site there may be 
distinct guest orientations which possess different inter­
actions with the crystal field and are thus energetically 
inequivalent. The requirement for distinct substitutional 
orientations is that they are not related by the symmetry 
of the crystal field. Thus, in naphthalene, lattice sites 
may be occupied in two energetically inequivalent ways by 
certain guests (for example, quinazoline) or in only one
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by others (for example, quinoxaline).
We have excluded to this point consideration of 
crystals with more than one crystallographic species (as 
in acenaphthene). In addition to the possibility of 
distinct substitutional orientations at a given lattice 
site, there is energetic inequivalence between impurities 
at crystallographically inequivalent sites originating 
from the different crystal fields.
For mixed crystals in which the guest and host have 
closely similar shape and size, it is suggested that near 
perfect substitution is the rule rather than the exception. 
The orientations of guest and host are expected to differ 
by at most a few degrees. For these systems one may ex­
pect that there are three classes of impurity sites 
giving splittings of differing magnitudes in the elect­
ronic spectrum:
(1) Where only one substitutional orientation is 
present, only small splittings (less than 25 cm-1) 
occur and are a result of minor misorientations for 
which the difference in interaction with the crystal 
field in the ground and upper states of the transition 
is small.
(2) The class of impurity sites corresponding to 
distinct substitutional orientations at a given lattice 
site may (but will not necessarily) show large splittings 
(greater than 100 cm 1, say) reflecting large differences 
in the interaction energy of these orientations with the 
crystal field in either of, or both, the ground and ex­
cited states.
(3) Similar large splittings may also occur for
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impurities at crystallographically inequivalent sites re­
flecting the different molecular orientation and crystal 
field at each site.
In any given mixed crystal spectrum, more than one 
class of impurity site may be evident.
5.32 Survey of Experimental Observations
Experimental studies consistent with the proposed 
scheme are derived from two areas - electronic and 
electron paramagnetic resonance spectroscopy. The former 
is dealt with first.
The earliest thorough study of site splittings in 
a mixed crystal was by Hochstrasser and Small (1966,
1968) for the phenanthrene in biphenyl system which 
shows a 17 cm 1 splitting in absorption and 10 cm in 
phosphorescence (at 4.2°K). Similar small splittings 
were observed for pyrene and anthracene in the same host 
(Hochstrasser and Small, 1968). In these systems only 
one substitutional orientation is possible and the im­
purity sites belong to class (1). Calculations of the 
intermolecular repulsive energy between guest and host 
show double minima for rotation about the long-axis of 
the molecule corresponding to mi sorientations of about 
±10 degrees.
For the system anthracene in p-terphenyl, however, 
five sites are present with the largest splittings of 
194 and 249 cm 1 (Small, 1970). Although there is only 
one substitutional orientation, this system is regarded 
as outside the definition of the first class of sites, 
as the differences in molecular length of guest and host 
are probably sufficient to cause some collapse of the
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host lattice around the guest.
Further data which are consistent with the scheme 
are provided by the spectra of a series of azanaptha- 
lenes in naphthalene and durene hosts (Jordan, 1970) and 
of phthalazine in naphthalene (Hochstrasser and Marzzacco, 
1968). The data are listed in Table 5.12. Two distinct 
substitutional orientations are expected for all but 
four of these, namely, quinoxaline, 1,8-diazanaphthalene, 
phthalazine and 1,4,5-triazanaphthalene in the chosen 
hosts. Of these only quinoxaline shows site splittings 
(6 cm 1 in both hosts). These four systems are assigned 
to class (1). It should be mentioned that the observed 
absorption spectrum for 1,8-di az an aph th a lene is very 
weak and site splittings may have gone unnoticed. With 
this reservation, we can say that large splittings are 
not observed in the absence of distinct substitutional 
orientations.
For the remaining systems, no more than two sites 
(with either large or small splittings) are observed, 
except for cinnoline in durene. There is one case 
(quinazoline in naphthalene) for which the sites can be 
identified as distinct substitutional orientations of the 
impurity (Ross, 1972) . In the absorption spectrum, 
origins of comparable intensities are observed with a 
site splitting of 293 cm . The polarisation ratios of 
the origins are nearly identical and correspond to that 
expected for N-polarised transitions. There also exist 
three vibronic origins representing in-plane polarised 
bands of arbitrary orientation for which the polarisation 
ratios on the sites are different in the two spectra.
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TABLE 5.12
SITE SPLITTINGS OF AZANAPHTHALENES IN NAPHTHALENE AND
DURENE HOST*
Gues ts S ub s . P os
Quinoline 1
Isoquino line 2
Cinnoline 1,2
Quinazoline 1,3
Quinoxalin e 1,4
1 ,5-naphthyridine 1,5
1,6-naphthyridine 1,6
1,7-naphthyridine 1,7
1,8-naphthyridine t—* 00
Phthalazine 2,3
1,4,5-triaza- 
n aph thalene 1,4,5
1,4,6-triaza- 
n aphthalene 1,4,6
N aphtha- 
lene
Durene _, t fClass
620 ? - 2
- 2 3 3 2
450 17,43,58 2 (N ); 2,1 (D)
29 3 304 2
6 ^6 1
p 108 2
- - 2
- - 2
- - 1
- - 1
- - 1
30 2
*In cm . See Jordan (1970) and Hochstrasser and 
Marzzacco (1968).
tPositions of the nitrogen atoms are defined by:
t +Impurity classes are defined in section 5.31. 
denotes naphthalene; "D" denotes durene.
N
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There exists an in-plane direction which gives for a 
p a r t i c u l a r  s u b s t i tutional o r i e n tation one of these p o l a r ­
isations and, if the molecule is rotated about the L-axis 
through 180 degrees, gives the other.
In the remaining azanap h t h a l e n e  mixed crystals, the 
o b s er ve d polar i s a t i o n s  of the sites are generally 
iden tic al or similar and corr e s p o n d  to the exp e c t e d 
p o l a r i s a t i o n  of the transition s uggesting that near 
pe r f e c t  substitution of the impurity has occurred. Jordan 
(1970) notes that for n a p h t h a l e n e  host the ato m - a t o m  re ­
puls ion  energies are m i n i m i s e d  close to the positions of 
p e r fe ct  substitution. There are several lines of u n ­
e x p l ai ne d p olarisations in these spectra for which d e f ­
inite exp lanations have not b een given. It is possible 
that they can be explained in a similar m a nner as for 
q u i n a z o l i n e .
The only p o s i t i v e l y  i d e n t i f i e d  case of more than two 
site origins is the spectrum of cinnoline in durene. The 
four site origins show small splittings and it is sugg ested 
that these arise from impurity sites of the first and 
s e con d class.
The absence of spli ttings in some of these systems 
can be u n d e rstood by n o t i n g  that the relative inte nsities 
of ob se rv ed site origins vary greatly, i ndicating w i d e l y  
dif fering populations. This presumably is a result of 
the relative thermodynamic sta b i l i t y  of the sites of 
crystal growth in the c r y s t al-melt equilibrium.
A further example of doublet splitting w h i c h  is 
att rib ute d to distinct substi t u t i o n a l  orientations is 
the sy stem 2 , 4 , 5 - t r i m e t h y l b e n z a l d e h y de in durene for
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which a splitting of 17 cm 1 is observed (Fischer, 1970). 
Also for pyridine in benzene, a doublet split by 150 cm 
appears (Jordan, 1970). This case is puzzling as three 
substitutional orientations would be expected.
The site splitting of 108 cm 1 observed for acenaph­
thylene impurity in crystallographically inequivalent 
sites of the acenaphthene crystal seems to be the only 
known example of the third class of impurity sites.
We now turn to electron paramagnetic resonance 
studies of the triplet states of impurities in mixed 
crystals. The first observations were made at 77°K for 
mixed crystals of naphthalene in durene (Hutchison and Man- 
gum, 1961), phenanthrene in biphenyl (Brandon, Gerkin and 
Hutchison, 1964) and quinoxaline in durene (Vincent and 
Maki, 1963) and demonstrated that the impurity orientat­
ion was very close to perfect substitution. The result 
for phenanthrene is not at variance with the observation 
of site splittings at 4.2°K as interconversion between 
these sites occurs above 10°K (Hochstrasser and Small,
1968) .
Further studies of a number of azanaphthalenes 
in durene host have been made by Vincent and coworkers.
That near perfect substitution occurs for 1 ,8-diazanaph- 
thalene as well as for quinoxaline is shown by the very 
close alignment of the magnetic fine structure axes (and 
hence the molecular L-, Ih and N-axes) with the axes of the 
durene host molecule (Nishimura, Tinti and Vincent,
1971). However, for the less symmetric azanaphthalenes 
which give rise to distinct substitutional orientations 
at durene lattice sites, the in-plane axes of the molecule
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do not necessarily coincide with those of the magnetic 
fine structure tensor even though the out-of-plane axes 
are parallel. It is possible to determine the relative 
orientations of the in-plane fine structure axes and the 
molecular axes from an analysis of hyperfine structure 
or electron-nuclear double resonance spectrum. No such 
analysis has yet been reported for these systems.
For quinoline and 1 , 5-naphthyridine , two sets of 
fine structure axes are observed at each durene site.
The x- and y-axes of the sets are rotated by ±13 and 
±9 degrees from the durene x- and y-axes for the respect­
ive impurities (Vincent and Maki, 1965; Vincent, 1971). 
The impurity N-axis and the z-fine structure axis are 
coincident to 2 degrees with the durene normal axis. It 
is possible that these angular rotations correspond, for 
the most part, to the deviation of the in-plane fine 
structure axes from the molecular axes at the two distinct 
substitutional orientations. Similar explanations are 
possible for the pairs of magnetically distinct fine 
structure axes observed for a-tetralone and 1-indanone at 
durene lattice sites (Nishimura and Vincent, 1972) . How­
ever, for isoquinoline in durene, the normals to the 
molecular planes of the impurity and host molecules coin­
cide, but the x-axis of the fine structure tensor is 
rotated by +38 and -12 degrees from the durene L-axis 
(Vincent and Maki, 1965) , suggesting the guest and host 
L- and M-axes do not coincide.
The recent observations of Gerkin and Winer (1967, 
1972) of seven energetically inequivalent orientations 
for chrysene in p-terphenyl do not easily fit into the 
scheme. Their results are similar to the five sites in­
dicated by the electronic spectrum for anthracene in the
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same host (Small, 1970). The explanation for these two 
mixed crystals must lie in the disturbance of the host 
lattice owing to differences in size and shape of the 
guest and host. It may be that these correspond to a 
fourth class of sites for which the concept of perfect 
substitution is not applicable and the orientations are 
determined by the different local crystal field arising 
from the disturbed host lattice.
5.4 SUMMARY
The main points to be noted in this chapter are the 
following:
(1) At least 25 fundamentals of a 1 and b^ symmetry 
have been identified for the lowest excited state ( 1B 2
1A^) of acenaphthylene. A much smaller number of ground 
state fundamentals are known.
(2) Different guest spectra are observed for acenaph­
thylene molecules substitutiona1ly oriented at crystallo- 
graphically inequivalent sites in the acenaphthene host.
A significant contribution to the site splitting of
- 1108 cm arises from the change in static dipo1e-dipo1e 
interaction upon excitation for each site as calculated 
by the deep trap theory of Craig and Thirunamachandran 
( 1963) .
(3) The assignment of a third site origin to a minor 
mi sorientation of the guest at sites type III,IV is 
questionable. Investigations at higher resolution are 
required to clarify the issue.
(4) The various incidences of multiple sites 
described in the literature seem to fit into four
distinct classes. When the guest and host molecular shape
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are closely similar, three possibilities all of which 
involve near perfect substituion may be distinguished. 
For the fourth class, the concept of near perfect subs­
titution seems to be meaningless as disturbance of the 
host lattice structure undoubtedly occurs.
CHAPTER 6
THE ELECTRONIC SPECTRUM OF 
ACENAPHTHYLENE PURE CRYSTALS
Changes in the electronic spectrum of pure crystals 
of acenaphthylene are observed as a function of temper­
ature and related to the order-disor der transition in 
the solid. Following a brief outline of the theory of 
molecular excitons applicable to very weak transitions 
in cry st als and some comments on the excited states of 
disordered crystals3 an analysis of the polarised 
ab sorption and the emission spectra of sublimation 
flakes of acenaphthylene at 11 and 145°k is presented. 
Although the spectra are considerably broadened at the 
latter temperature  ^ there is evidence that the number 
of Davydov components increases from two (or possibly 
three) to four for the a- and b-polaris ed spectra when 
the lattice becomes disordered.
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6 . 1 THEORY OF MOLECULAR EXCITONS
6.11 The Ordered Phase of Acenaphthylene
We shall dwell briefly on those aspects of exciton 
theory which are of importance to the present study. The 
fundamentals of the theory have recently been reviewed by 
Craig and Walmsley (1968). Following the procedures 
given by these authors, the first order crystal wave- 
functions may be formulated in terms of the product
ITwave fun ctions , <j> . , which refer to molecule i in theIP
pth unit cell and in the rth excited state (as was done 
for the mixed crystal, section 5.21). Linear combinations 
of these localised excitation functions belonging to a 
given site species i may be set up to transform as irred­
ucible representations of the translation group. These 
may be written, for k_ = 0 , as
$>r (o) = $r = n "15 E <J> . r . (6.1)l l p ip
These form the basis functions for the energy
matrix and transform according to the irreducible repre­
sentations of the factor group which, for acenaphthylene, 
are given in Table 2.1 (page 19). The factor group is
C . The correlation between the irreducible representat- 2 v
ions of the molecular point group and the crystal site 
group is given in Table 6.1. Hence a long-axis polarised 
state of the free molecule corresponds to the A ' ' or A 
irreducible representation in the crystal, depending on 
whether the molecules occupy special or general positions 
in the lattice, that is, whether they belong to the sets 
A and B, or C, respectively, for the ordered phase of
acenaphthylene.
1 6 5
T A B L E  6 . 1
C O R R E L A T I O N  OF I R R E D U C I B L E  R E P R E S E N T A T I O N S  OF THE M O L E C U L A R  
P O I N T  GROUP AND C R Y S T A L  P O I N T  GROUP
M o l e c u l a r C r y s t a l  S i t e  G r o u p
P o i n t  G r o u p  ( C .  )------------------------- 2 v l h C 1
A
A
T A B L E  6 . 2
C O R R E L A T I O N OF I R R E D U C I B L E R E P R E S E N T A T I O N S  OF F R E E  MO L E C U L E
AND Z E R O  WAVE V E C T O R  C R Y S T A L  S T A T E S
F r e e  M o l e c u l e Z e r o w a v e  v e c t o r c r y s t a l  s t a t e s
S t a t e
I  . R . I  . R. N u m b  e  r P o l a r i s  a t i o n
A 1 1 a
A 2 3 f o r b i d d e n
B 2
b i
3 c
B 2
1 b
A 1 3 a
A 2 1 f o r b i d d e n
A
1 B
1
1 c
B
2
3 b
1 6 6  .
T h e  8 z e r o  w a v e  v e c t o r  c r y s t a l  w a v e  f u n c t i o n s  a n d  
e n e r g i e s  a r e  d e t e r m i n e d  b y  d i a g o n a l i s a t i o n  o f  t h e  e n e r g y  
m a t r i x  w i t h  t h e  f u n c t i o n s  ( 6 . 1 )  f o r m i n g  t h e  b a s i s  s e t .  
A p p l i c a t i o n  o f  t h e  f a c t o r  g r o u p  s y m m e t r y  r e d u c e s  t h i s  
t o  t w o  ( l x l )  a n d  t w o  ( 3 x 3 ) m a t r i c e s  a l o n g  t h e  d i a g o n a l .  
T h e  z e r o  w a v e  v e c t o r  c r y s t a l  f u n c t i o n s  ma y  b e  e x p r e s s e d  
a s  f  o 1 l o w s  :
V], ( A i )  = ( A i )
^ 2 ( A2 ) 
^ 3 ( A 2 ) 
( A2 ) 
*5  <B l )  
^ 6  (B 1 ) 
Vy (B ! ) 
^ ( B Z )
t h r e e  o r t h o g o n a l  l i n e a r  c o m b i n a t i o n s  
o f  ipa ( A 2 ), ipg ( A z ) r ip6 ( A 2 )
t h r e e  o r t h o g o n a l  l i n e a r  c o m b i n a t i o n s  
o f  ^  (B i ) , ^ g ( B ! ) , ip6 ( B 1 )
= + 5  <b 2 )
w h e  r e
VAz>
VBl)
( a 2 )
(B i ) 
+ 6 C Ai ) 
( A 2 )
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(Bi )
^  ( B 2 )
The symbols a, 3/ 6 refer to the crystallographically 
inequivalent sets A, B, C of molecules which are numbered 
as in figure 2.4 (page 24). The linear combinations of 
the same symmetry are determined by diagonalisation of 
the appropriate matrices. Similarly zero wave vector 
crystal functions for the free molecule state can be
set up. The polarisations and numbers of these states 
are given in Table 6.2. We therefore expect to see, for 
the lowest energy electronic transition, five Davydov 
components of which three have c-polarisat ion , the other 
two a- and b-po1arisation.
The oscillator strengths per molecule for transitions 
to states y i and H'g are:
2
Assuming Ae 1 = AEg , and using the direction cosines given
in Appendix 1, the polarisation ratio (a:b) is
f 1 :f8 = 2.2:1
In order to calculate the remaining intensities and the 
Davydov splittings it is necessary to diagonalise the 
energy matrix. However, the lowest energy transition 
in acenaphthylene is very weak (^0.003) and comparable
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in intensity to naphthalene (0.0022) for which it is 
necessary to include higher multipoles in the interaction 
potential in order to accurately predict the Davydov 
splittings and configuration mixing of states to predict 
polarisation ratios (Craig and Walmsley, 1961). For
this reason, no effort has been made to proceed further 
with calculations based on the dipole-dipole approximation.
6.12 The Excited States of the Disordered Crystal
From the picture that has built up in preceding 
chapters of the dynamic disorder in the acenaphthylene 
crystal at high temperatures, it is obvious that the 
wave vector as defined for pure (ordered) crystals can 
no longer be a good quantum number when the translational 
symmetry of the crystal is lost. Thus, the factor group 
analysis cannot be used to define the number and symmetry 
of the Davydov components for a disordered crystal. The 
simple consideration of the components of an L-polarised 
free molecule transition along the crystal axes for all 
molecular orientations (which is thought to be six) at 
a lattice site suggests that transitions will appear 
along all three crystal axes.
It is worth noting the similarity of this problem 
to that encountered for the excited states of isotopic 
mixed crystals. The former is much more complex and 
differs from the latter in several important aspects. 
Firstly, the free molecule excitation energies for each 
component are the same for the disordered crystal. In 
addition, averaging effects may be important for the 
present system as the disorder is dynamic with many 
changes in crystal structure, local crystal field and
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molecular orientations taking place during the time of 
measurement of a spectrum (for example, a ten second 
photographic exposure). Thus, lacking any theoretical 
basis for examination of the spectrum of the disordered 
phase, only major features will be noted.
6.2 EXPERIMENTAL METHODS
Purification procedures for acenaphthylene have 
already been described (section 4.21) . Thin crystals 
were grown either between discs or by sublimation using 
the apparatus described by Lipsett (1957). The best 
conditions for growing flakes (up to 7 mm diameter) re­
quired a pressure of 45 torr of dry nitrogen gas and a
otemperature of 65 C. The sublimation flakes were mounted 
on silica discs for spectroscopic study.
The orientations of the flakes were determined 
conoscopically using the data of Winchell (1954). The 
axes system used by Winchell (1954) and Gordon and Yang 
(1970) is different to that of Welbury (1970) which has 
been used throughout this thesis. The transformation 
used to relate the optical data to Welbury's data 
(a -* b , b c , c -* a) is consistent with the following 
obse rvations:
(1) The ratio of unit cell lengths for the two axes 
systems agree, although it must be admitted that the
a and b unit cell lengths are very nearly the same.
(2) Perfect cleavage occurs for (010) according to 
Winchell, which corresponds to the ab-face for data of 
Welbury, who notes that crystals in solution tend to
grow as ab-platelets.
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Sublimation flakes show only one face, which gives 
a bisectrix figure under the conoscope and is assumed to 
be the perfect cleavage face (ab). However, there are 
difficulties in interpreting the observed spectra for this 
assignment of axes.
Polarised absorption spectra were measured with a
oCary 14 spectrometer over the temperature range 10-298 K 
which was achieved by varying the rate of flow of cold 
helium gas over the sample. Accurate temperatures (to
± 1°K) were measured with either a calibrated carbon
oresistor (10-80 K) or a copper-cons tantan thermocouple 
(80-298°K). The fluorescence was measured with a Spex 
spectrometer (section 5.12).
6 . 3 THE PURE CRYSTAL ABSORPTION SPECTRUM
The spectra presented in figures 6.1 and 6.2 for
an ab-face of the sublimation flake for temperatures
ranging from 10 to 298°K agree with the results of
oGordon and Yang (1970) at 77 K. The spectrum has been 
reinvestigated for two reasons. In the first place, we 
wish to examine the effect of disordering on the crystal 
spectrum and secondly, the assignment of Gordon and Yang 
is based on incorrect assumptions of the crystal structure 
and must be reinterpreted in the light of Welbury's more 
thorough wor k .
The spectrum, whiqh is assigned in Table 6.3, bears 
a close similarity with the solution spectrum (figure 
5.1, page 99). There are several difficulties: although
the a-polarised spectrum is readily interpreted as one
- 1Davydov component based on the origin at 21260 cm , in
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FIGURE 6*1. a-polarised absorption spectrum of acenaphthylene
crystal.
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6-2. b-polarised absorption spectrum of acenaphthylene
crystal.
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TABLE 6.3
ANALYSIS OF THE ACENAPHTHYLENE PURE CRYSTAL ABSORPTION 
SPECTRUM (ab-FACE) AT 11°K (ORDERED PHASE) *
b-polarisation a-polarisation Corresponding
free molecule
tV Av iV A v interval
21O6O30 0 *?
2125010 0 21260} 0 0
2157O40 5 10*?
526
2 179 0 z ± v u 2 0 540 21780 3 o 520 Js h22050 30 800 22035 1 0 775 780
2332030 1070 22 315 l 0 1055 1077
2260 5l 1355 22620 1360 1376
2 2 85 0 3 o 1600 s h2 2  810 30 1540 1569 ?
2 316520 19 15 2313510 1875 526+1376
2 3380 3 q 2 130 2 33902 0 2 130 780+1376
2 3 6 80 3 0 2430 2 3655 x 0 2395 1077+1376
2 39 6  0 3 o 2 710 2 39 75
1 0 2 715 2x1376
2 4 i 5 0 so 3000 s h2 412 0  ^ iZU30 2860 1569+1376 ?
2 4 490 z ^ u 2 0 32 30 526+2x1376
2 4 7 2 0 2 o 3460 780+2x1376
2 5 OO5 3 0 3745 1077+2x1376
2 5 3 6 0 3 3 4100 3x1376
2 5 4 70 3 3 42 10 1569+2x1376
Frequencies in cm
^Subscripted numbers give error in band position. Super­
script "sh" refers to shoulder.
tFrom spectrum in acenaphthene host (Chapter 5).
*These two bands belong to one analysis (see text). The 
remainder of the bands belong to analysis based on 21250 
cm" (origin).
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agreement with theoretical prediction, the b-polarised 
spectrum shows two weak bands at 21060 and 21570 cm 1 
which do not fit in with analysis based on 21250 cm 1 as 
a Davydov component. The only likely interpretation 
seems to be that these represent a spectrum based on a 
second weak Davydov component. This would mean an in­
correct assignment of the crystal axes. Given that the 
data tabulated by Winche11 (1954) is rather old and the
near equivalence of a- and b-axes , this cannot be easily 
ruled out. Contamination of a weak b-polarised spectrum 
by the relatively stronger a-polarised spectrum can be 
ruled out as a number of experiments were performed, each 
giving the same result. The line at 21250 cm 1 in fa- 
polarisation is too strong to arise from incorrect polar­
isations. As stated above, our observations agreed with 
those of Gordon and Yang.
It is surprising that the linewidths of the pure 
crystal (^150 cm *) are much larger than in mixed crystals 
(^2 cm 1 , acenaphthene host) when it is remembered that
similar very weak transitions of phenanthrene are about
- 110-20 cm wide in the pure crystal. Similar behaviour 
has been documented for anthracene, for which the observed 
linewidth in the pure crystal is postulated to arise from 
localised absorption by disordered molecules within several 
molecular layers of the surface (Rice, Morris and Greer, 
1970) .
The crystal absorption spectrum shows marked differ-
oences at 145 K from that at low temperatures (figures 6.1 
and 6.2), presumably reflecting the effect of disordering 
on the lattice. For the temperature range (130-144°K)
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there appear features which seem to belong to both high
and low temperature phases. The spectra at 145°K and
above do not change except for temperature broadening.
For this reason the band positions listed in Table 5.4 
ofor the 145 K spectrum can be taken as characteristic of 
the high temperature phase.
From the similarity with the free molecule spectrum, 
the most plausible interpretation (Table 6.4) seems to 
be that the groups of bands separated at intervals of 
approximately 1376 cm (the most dominant progression 
forming mode in the free molecule spectrum) represent 
four Davydov components. The corresponding splittings 
are listed in Table 6.5. An alternative interpretation 
is that the bands at 21490 and 21610 cm 1 refer to 
vibrational intervals of 250 and 400 cm 1. This would 
be surprising as they do not occur in both spectra, nor 
in the spectra of the ordered crystal.
6.4 THE PURE CRYSTAL FLUORESCENCE SPECTRUM
At about 15°K, the fluorescence spectrum has similar 
linewidths as in absorption, with the highest energy 
fluorescence line overlapping the lowest energy 
absorption line. The spectra at several temperatures 
are shown in figure 6.3 and an analysis is given in 
Table 6.6. As with the absorption spectra, the observed 
peaks correspond closely to the free molecule vibrational 
intervals and no startling conclusions can be made. For 
the disordered crystal, most spectral features are 
smeared out. It is noteworthy that near room temperatures 
the fluorescence intensity was approximately one-third
that at low temperatures.
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TABLE 6.6
ANALYSIS OF PURE CRYSTAL FLUORESCENCE SPECTRUM (ab-FACE)
AT 15 °K (ORDERED PHASE)*
+V A V Corresponding free
molecule interval^
2113O30 0 0
2°60030 5 30 552
2°35° 40 780 805
2o °9530 1035 1086
i9 7 30 4 o 1400 136 3
3.960 05 o 15 30 1497
19 2 4 0 go 1890 552+1363
19O3O50 2 100 805+1363
1 869 5 _ n 5 0 2435 1086+1363
182 6 0 c _ b U 2 870 2x1363
1780060 3 3 30 552+2x1363
1730060 3831 1086+2x1363
$ ,+ ,t + As for Table 6.4
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6. 5 SUMMARY
The investigations of the pure crystal spectrum give 
generally disappointing results. As well as not being 
able to observe the spectrum along the third polarisation 
direction, the features of the spectrum are much broader 
than expected. Hence there are not many conclusive 
results to state.
The two most interesting points to be made are:
(1) The linewidths of the pure crystal (^150 cm *)
are much larger than for acenaphthylene in acenaphthene 
- 1host (^2 cm ) in contrast to the similar absorption 
systems of naphthalene and phenanthrene.
(2) The disordered crystal spectrum shows features 
which might be interpreted as four Davydov components,
which for the origin band gives splittings as large as
400 cm- 1
CHAPTER 7
CONCLUDING REMARKS
The present spectroscopic study of acenaphthylene 
and its order-disorder transition stems from an 
interest in photodimerisations in aromatic molecular 
crystals, in particular of anthracene and its derivatives. 
Photochemical reaction is seen as an alternative pathway 
to electronic relaxation to the ground state of energy 
degredation after photon absorption by the crystal.
The exclusive formation of the trans-isomer of 9- 
substituted anthracenes depends on the details of 
crystal structure and lattice defects. In this regard, 
acenaphthylene is of considerable interest as it forms 
both cis- and trans-dimers with relative quantum yields 
varying markedly with temperature. In addition, the 
crystal is known to be disordered at temperatures for 
which the reaction is detectable. What is our present 
understanding of disorder in solid acenaphthylene?
The order-disorder transition occurs at about 130°K
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and is of second or higher order. Earlier chapters give 
the results of investigations of the role of inter- 
molecular forces in the transition and the dynamics of 
disorder. The mechanism of the transition involves re­
orientation about the molecular N-axis between a number 
(probably 6) of preferred orientations at each lattice 
site, for which the symmetry is 2 or 2/m. There is some 
evidence that the process, at least in its initial 
stages, is cooperative, that is, reorientation of 
molecules of one crystallographic species is necessary 
to liberate similar motions of other species, presumably 
by reducing the energy barriers. The disordered phase, 
then, is a dynamic state in which frequent changes in 
orientation occur. Whether there exists short-range 
order as opposed to entirely random orientations is not 
known.
The structure of the disordered phase consists of 
two crystallographica 1ly inequivalent layers in which 
the orientations of the molecular planes are the same, 
to within a few degrees, as in the ordered phase and 
are determined primarily by intralayer forces. The 
layers seem to be almost identical, as far as energetics 
and molecular orientation are concerned, but are rotated 
at 90 degrees with respect to one another.
The presence of disorder may have two effects on 
photodimerisation in the solid. For the anthracenes the 
rate of dimer formation increases with temperature 
presumably because, for a bimolecular reaction, large 
amplitudes of librational and translational motions are 
required to bring the reactive centres into close contact.
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It should be noted, however, that an increase in the 
number of defects with temperature may also be important. 
In acenaphthylene, there is the distinct possibility that 
the extremely large amplitudes for reorientation a1 motions 
are an important factor in the temperature dependence 
of the reaction. The second effect of disorder is that 
the relative orientations of neighbouring reactive 
centres vary with time. This may affect whether 
reaction occurs in regions of complete regularity in the 
crystal or at defects such as dislocations. There is 
some evidence that the trans-dimer forms at dislocations 
at 0°C (Cohen et a_l. , 1969) .
In later chapters of this thesis, the electronic 
structure of the acenaphthylene molecule and the pure 
crystal was investigated. The pure crystal absorption 
spectra are broad so that, at temperatures above which 
disorder sets in, only limited data are available. How­
ever, the question of the description of the excited 
states of a disordered crystal has been raised. It is 
possible that some molecules possess a lower energy than 
others (at least over a very short space of time, since 
the relative energies will fluctuate with time), so that 
there may be a localisation of energy in regions of 
complete regularity in crystal structure as well as at 
crystal defects.
From an analysis of the spectrum of acenaphthylene
in acenaphthene host, an almost complete assignment of
the in-plane vibrational modes of the lowest energy
1electronic state ( B ) has been made. The fluorescence 
spectrum, which is very weak (as for the pure crystal),
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provides  a small number of ground state fundamentals.
An i n t e r e s t i n g  feature of the mi xed crystal spe c t r u m  is
the o b s e r v a t i o n  of site splittings. The large spli tting 
- 1of 108 cm (for the origin bands) arises from a c e n a p h ­
thylene molecules o c c u pying c r y s t a l l o g r a p h i c a l l y  i n ­
e q u i va le nt  sites and is a reflection of the effect on
the guest of different crystal fields. A much smaller
_ 1site sp li tting (^2 cm ) is a s s o ciated w ith different 
o ri en ta ti ons of molecules at sites type 111,1V in the 
ac ena pht hene host.
These observations have been related to the various 
incidences of multiple sites reported in the literature. 
From a survey of the available data on m o l e cular  
o r i e n t a t i o n s  from electron p a r a m a g n e t i c  resonance 
studies, the multiple site origins and, in one case, 
p o l a r i s a t i o n  data from e lectronic spectroscopy, it is 
b e l i e v e d  that near pe rfect s u b s t i t u t i o n  is the rule 
rather than the exception whe n  the guest and host have 
closely similar size and shape. In a few instances for 
which there is some disparity in m o l e c u l a r  shape, the 
concept of pe rfect substitution does not seem to be
appli cab le .
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APPENDIX 1
CRYSTAL AND MOLECULAR STRUCTURE 
DATA
A 1 . 1 ACENAPHTHENE
Reference: Ehrlich ( 19 5 7)
Space Group: a = 8.290 X
b 14.000 X
c = 7.225 X
Number of Molecules per Unit Cell: z = 4
Molecular Centres (in angstroms)*:
Mo 1e cu1e Generator Crystal Coordinates
I E (2.89387, 7.00000 , 0 .00000)
II 2 c Z 1 (5.39613, 0 .0 0 0 0 0 , 3.61250)
III E ( 1 .95296, 0 .00000 , 4.0 76 71)
IV 2? (6.33704, 7.00000 , 0.46421)
* Defined as the centre of mass of the carbon 
a t o m s .
•j-
Direction Cosines defining Molecular Orientations :
Molecule Molecular 
Axi s a
Crys tal 
b
Axes
c
L 0 . 0 0 0 0 -1.0000 0 .0000
I M 1.0000 0 .0000 0 .0000
N 0.0000 0 . 0 0 0 0 1.0000
L 0.0000 -1.0000 0 . 0 0 0 0
III M 0.4774 0 . 0 0 0 0 0.8787
N -0.8787 0 .0000 0.4774
The direction cosines for the remaining molecules in 
the unit cell are obtained using the generators given 
above .
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Molecular Structure:
The atomic coordinates used in all calculations were 
determined from the molecular structure given in figure 
A1 . 1 . The bond lengths and angles of the carbon skeleton 
were taken from Ehrlich (1957). The aromatic and ali­
phatic C-H bond lengths were taken as 1.085&. and 1.095& 
respectively. The remaining angles were determined as 
follows. The C-H bonds were positioned along the line 
joining the centre of mass of the ring containing the 
carbon atoms to the carbon atom of the bond. In the 
case of the aliphatic bonds the plane containing the 
H-C-H fragment was placed normal to the page and 
parallel to this line.
A1.2 ACENAPHTHYLENE
A1.2 1 The Low Temperature Phase (85°K)
Reference: Welbury ( 1970)
Space Group: p21nm
Unit Cell Dimensions : a = 7.588 (7.65) A
b 7.549 (7.80) &
c = 27.822 (27.90)
The unit cell lengths in brackets have been used in 
all calculations described in this thesis. They 
refer to earlier measurements (as do the molecular 
centres and direction cosines) at a temperature of 
about 100 °K.
Molecular Centres (in angstroms)*:
Molecule Gene rator Crystal Coordinates
I E (2.01076, 1.55031, 0 .00000)
II 2 i (5 . 83576 , 6 .24969 , 13.95000)
III E ( 5.89 819 , 5 .64204 , 0.00000)
IV 2a (2.07319, 2 . 15 796 , 13.95000)
V E (5.99821, 2.00581, 6.91617)
VI 2 a 1 (2.17321, 5.79419, 7.0 3383)
VII ( a+ c) / 2 (2.17321, 5.79 419 , 20.86617)
VIII m (5.99821, 2.00581, 20 .98383)
* Defined as the centre of mass of the carbon atoms.
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106-5
1-085123-9
•0 85
aliphatic H -C -H
angle = 105
•0 9 5
128-2'
105-2
108-6
•0 8 5
123-8
• 0 8 5
128-4'
119-8
FIGURE AM. Molecular structures of acenaphthylene (a) 
and acenaphthene (b). Bond lengths are in angstroms
and angles in degrees.
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Direction Cosines Defining Molecular Orientation :
Mole cu1e Molecular 
Axes a
Crys tal 
b
Axes
c
L 0.00000 0 .00000 1.00000
I M 0.37488 -0.92707 0.00000
N 0.92707 0 . 37488 0.00000
L 0.00000 0.00000 1.00000
III M -0.34082 -0.94013 0.00000
N 0 .94013 -0.34082 0.00000
L -0.7902 7 0.29549 -0.53640
V M -0.5 176 1 0.14572 0.84286
N 0.32737 0.94414 0.03781
The direction cosines of the remaining molecules in 
the unit cell are obtained using the generators 
given above .
Note: The direction cosines and centres of mass were
calculated from a least squares analysis of the 
fractional coordinate data of Welbury.
Molecular Structure:
The atomic coordinates of Welbury are only accurate 
to 0 . 1& so the idealised molecule whose structure is 
given in figure Al.l was used to define the atomic 
coordinates. The carbon skeleton is based on that of, 
acenaphthene with small changes to give the five- 
membered ring a reduction in size for the double bond 
present. The hydrogen atom positions were determined 
in the same manner as for acenaphthene.
Al.22 The Room Temperature Phase
References : (1) Cohen et_ a_l. ( 1969)
(2) Gordon and Yang (1970)
(3) Hardy e_t a 1. (1971)
(4) Welbury (1970)
Space Group: Pba2 or Pbam
Cohen e_t _a_l. give Pba2j instead of Pba2. This presum­
ably is printing error since the space group Pba2 j does 
not exis t .
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Number of Molecules per Unit Cell: z = 4
Unit Cell Dimensions (in angstroms):
Re f e re n ce ( 1) (2) ( 3) (4)
a 7 . 82 7.66 7 . 70 7.705
b 7.85 7.87 7.85 7.865
c 14.04 14 . 15 14 . 11 14.071
Molecular Centres:
In the most efficient packing arrangement, the 
molecules fall into two crysta1lographically inequivalent 
layers. The molecular centres are assumed to coincide 
with the coordinates of the special positions which, 
for the two layers, are (0, 0, 0) , (\ , h , 0) and 
(h , 0, h) , (0, h. , h) in the space group Pbam. The 
only difference in these coordinates for the space 
group Pba2 is that the z coordinate is not specified 
by symmetry. The calculations in this thesis have 
assumed the former space group.
Direction Cosines Defining Molecular Orientation:
These are not known from crystallographic studies.
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APPENDIX 2
CALCULATION OF DIPOLE-DIPOLE LATTICE 
SUMS
The calculations employed the direct summation 
method and were performed with a program written by 
Dr. P.E. Schipper of this School. Modifications were 
made to the program so that the sums of squares of 
dipole-dipole interactions and lattice sums for small 
displacements of molecules from the equilibrium 
orientations which preserved the space group symmetry 
could also be evaluated. The program was tested on 
the naphthalene and acenaphthene crystals for which 
lattice sums have been previously tabulated 
(Thirunamachandran , 1961; Craig e_t a 1 . , 196 5b) .
The molecular and crystal structure data given 
in Appendix 1 were used for all calculations in this 
thesis. The axes systems are right-handed. The 
origins for the unit dipoles are located on the 
molecular centres. For acenaphthylene, a check of 
the lattice sums evaluated for summation radii of 36, 
46 and 56A showed the usual conditional convergence.
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APPENDIX 3
TABLE OF DIPOLE-DIPOLE INTERACTIONS 
IN CRYSTALLINE ACENAPHTHYLENE 
(ORDERED PHASE)
The sums of dipole-dipo1e interactions (in units 
cm 1 A 2) are between sets of translationally equivalent 
molecules (numbered as in figure 2.4) . The first 
dipole axis refers to molecules in the first set of each 
interaction. The rotations are defined in section 3.51 
and refer to the L, M, N axes respectively. The 
summation radius is 46A.
Interactions between sets 1-1, 1- 3-3, 3- 4 .
dipole axes
i o o o -5,0,0
rotations 
0,0,0 5,0,0 ooorH
LL -1646 -1646 -1646 -1646 -1646
-558 -558 -558 -558 -558
-1646 -1646 -1646 -1646 -1646
-558 -558 -558 -558 -558
LM , LN 0 0 0 0 0
MM 785 788 79 3 798 805
25 7 2 34 20 3 166 125
802 796 79 1 787 783
146 185 2 18 246 266
MN 17 2 3 29 34 38
-114 -156 -194 -226 -251
-36 -32 -27 -2 1 -14
2 37 2 10 176 136 9 3
NN 861 858 85 3 848 841
-25 3 -229 -198 -16 2 -120
844 850 855 859 862
-130 -169 -202 -2 30 -250
N o t e : For each pair of dipole a x e s , the rows re fe r in
descending order to interactions of sets 1-1, 
1-2, 3-3, 3-4.
1 9 2
I n t e r a c t i o n s b e t w e e n  s e t s 5 - 5 3 5 - 6 S 5 -  7 3 5 - 8.
d i p o l e  a x e s r o t a t i o n s
oooI—
1
o0in1 0 , 0 , 0  5 , 0 , 0
ooo
 
1—1
LL 135 135 135 135 135
1906 1 9 0 6 1 9 0 6 1 9 0 6 1 9 0 6
16 16 16 16 16
- 3 7 0 - 3 7 0 - 3 7 0 - 3 7 0 - 3 7 0
LM 1110 1125 1 1 3 1 1 1 3 0 1 1 1 9
- 7 7 8 - 8 7 7 - 9 6  8 1 0 5 3 - 1 1 2 9
- 3 6 8 -  360 - 3 4 9 - 3 3 5 - 3 2 0
125 12 7 12 8 12 8 12 8
LN 22 4 126 28 - 7 1 - 1 6 9
- 1162 - 1 0 9 0 - 1 0 0 9 - 9 2  1 - 8 2 6
75 107 1 3 8 168 19 7
30 19 8 - 4 - 1 5
MM - 8 3 8 - 8 9 2 - 9 2  1 - 9 2 4 - 9 0 1
2 9 1 3 29 39 2 89 7 2 790 2 6 2 0
290 310 32 8 345 ' 360
- 4 8 1 - 4 8 7 - 4 9 0 - 4 9 0 - 4 8 7
MN - 3 7 8 - 2  38 - 9 2 58 2 0 6
337 - 4 7 - 4 2 8 - 7 9  7 - 1 1 4 2
114 110 103 92 79
- 4 3 - 2 6 - 8 10 2 8
NN 704 75 8 786 789 766
- 1 4 4 1 - 1 4 6 6 - 1 4 2 5 1 3 1 8 - 1 1 4 8
265 2 45 226 2 0 9 194
- 2 9  3 - 2  87 - 2  84 - 2 8 4 - 2  88
( c o n t i n u e d  n e x t  p a g e )
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o0I—
11
o 0m
1
o oino oo■—io
LL 1 6 4 1 4 5 1 3 5 1 4 5
1 4 6 0 1 7 0 5 2 0 5 6 2 1 5 0
70 42 - 6 - 2 5
- 3 6 5 - 3 6 8 - 3 7 1 - 3 7 0
LM 1 0 9  8 1 1 1 9 1 1 3 5 1 1 3 0
- 1 0 2 8 - 1 0 0 2 - 9 2  7 - 8 7 9
-  326 - 3 3 9 - 3 5 6 - 3 6 1
1 2 5 1 2 7 12 8 12 8
LN 1 3 7 84 - 2 9 - 8 6
- 1 5 1 8 - 1 2  83 - 7 0 5 - 3 7 9
1 6 6 1 5 4 1 1 8 9 4
22 15 0 - 8
MM - 9 2 1 - 9 2 1 - 9 2 1 - 9 2 1
2 89 7 2 8 9 7 2 8 9 7 2 8 9 7
3 2 8 32 8 3 2 8 3 2 8
- 4 9 0 - 4 9 0 - 4 9 0 - 4 9 0
MN - 2  87 - 1 9 0 7 1 0 6
- 2 5 4 - 3 4 2 - 5 1 1 - 5 9 0
1 6 2 1 3 3 72 40
- 3 0 - 1 9 3 14
NN 7 5 7 7 7 7 7 8 6 7 7 6
- 9 7 9 - 1 2 2 4 - 1 5 7 5 - 1 6 7 0
1 7 3 2 0 1 2 4 9 2 6 7
- 2  89 - 2 8 6 - 2  83 - 2 8 4
( c o n t i n u e d  n e x t  p a g e )
1 9 4
o 0 1 M O 0 , 0 , - 5
inoo 0 , 0 , 1 0
LL - 2 8 4 - 7 0 32 3 490
2 2 6 7 2 0 8 1 1 7 4 5 1 6 0 4
145 79 - 4 2 - 9 4
- 4 1 8 -  39 3 - 3 4 9 - 3 3 0
LM 1 2 4 4 1 2 0 6 102 3 883
- 1 0 8 0 - 1 0 4 0 - 8 6 8 - 7 4 0
- 3 8 1 - 3 7 1 - 3 1 6 - 2 7 4
141 137 116 100
LN 43 35 19 11
- 9 2 0 - 9 6 8 - 1 0 4 3 - 1 0 6 8
118 12$ 147 1 5 4
9 8 7 6
MM - 5 0 2 - 7 1 6 - 1 1 0 9 - 1 2  76
25 36 2 72 1 3 0 5 8 3 1 9 8
199 2 6 5 386 4 3 8
- 4 4 3 - 4 6 7 - 5 1 2 - 5  31
MN - 8 5 - 8 9 - 9 4 - 9 5
- 5 9 7 - 5 1 5 - 3 3 9 - 2 4 7
125 114 90 77
- 7 - 7 - 9 - 9
NN 786 786 786 786
- 1 4 2 5 - 1 4 2 5 - 1 4 2  5 - 1 4 2  5
226 2 2 6 226 2 2 6
- 2  84 - 2  84 - 2  84 - 2  84
N o t e  : F o r  e a c h  p a i  r o f  d i p o l e a x e s , r o w s  r e f e r  i n
d e s c e n d i n g  o r d e r  t o  i n t e r a c t i o n s  o f  s e t s  
5 - 5 ,  5 - 6 ,  5 - 7 ,  5 - 8 .
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Interactions between sets 1-Z3 1-4 .
dipole axes ro tations
oo0i—
i1 ooLD ooo oi—iooLO ,0,0
LL -3509 -3509 -3509 -3509 3509
-3509 - 3509 -3509 -3509 3509
-576 -576 -576 -576 -576
-576 -576 -576 -576 -576
LM , LN 
ML ,NL 0 0 0 0 0
MM 1538 1450 1352 1243 1124
1130 1246 1352 1447 1532
2 83 2 85 2 85 2 84 280
283 2 85 285 2 83 2 79
MN -938 -1068 -1190 -1304 1407
-139 1 -1296 -1190 -1076 -954
41 17 -8 -3 3 -58
42 17 -8 -34 -59
NM 919 1041 115 5 1260 1356
1372 1269 1155 1033 903
38 13 -13 -3 8 -63
37 12 -13 -37 -62
NN 1440 1354 1259 115 3 1039
1033 1150 1259 1358 1446
-2 88 -290 -290 -288 -2 83
-287 -290 -290 -2 88 -2 84
Note: Th e f i rs t and second rows for each pair of
dipole axes refer to interactions between 
sets 1 and 3 while the third and fourth 
rows are for sets 1 and 4. Within each 
pair, the uppermost row refers to 
molecules of the first set being station­
ary .
1 9 6
In t e r  a c t i o n s b e t w e e n  s e t s 7 - 5 , 1 - 6 ,  1 - 7 , 1 - 8 .
d i p o l e  a x e s
i
oo01—
11 5 / 0 , 0
r o t a t i o n s
0 / 0 / 0
ooin oooI—
1
LL + 2 8 5 + 2 85 + 2 85 + 285 + 285
+ 2 85 +  2 85 +  2 85 +  2 85 +  285
± 3 0 0 ± 3 0 0 ± 3 0 0 ± 3 0 0 ± 3 0 0
± 3 0 0 ± 3 0 0 ± 3 0 0 ± 3 0 0 ± 3 0 0
LM 149 161 172 181 189
172 172 172 172 172
8 32 56 80 103
56 56 56 56 56
LN 143 129 115 99 83
115 115 115 115 115
2 80 2 78 2 74 2 6 8 2 6 0
2 74 2 74 2 74 2 74 2 74
ML ± 4 8 1 ± 4 8 1 ± 4 8 1 ± 4 8 1 ± 4 8 1
± 4 6 6 ±4 7 5 ± 4 8 1 ± 4 8 2 ± 4 8 0
+ 4 6 8 +  468 +  4 6 8 + 4 6 8 ¥  4 6 8
+  461 +  466 +  4 6 8 + 466 £  46 1
MM 50 58 65 72 78
15 40 65 89 113
- 1 1 4 20 36 51
59 40 20 0 - 2 0
MN 91 86 81 75 68
112 97 81 64 47
180 180 1 79 177 17 3
182 181 179 176 171
NL ±41 ±41 ±41 ±41 ±41
± 1 2 4 ±83 ±41 + 1 + 43
±1 ±1 ±1 ±1 ±1
oCO1+ + 40 ±1 ±42 ±82
( c o n t i n u e d  n e x t  p a g e )
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iooo1—11 5 , 0 , 0
ooo
5 , 0 , 0
ooo
 
1—1
NM 3 0 8 2 9 5 2 8 0 2 6 3 2 4 3
2 8 7 2 85 2 80 2 73 2 6 4
- 2 2 0 - 2 2  5 - 2 2 8 - 2  30 - 2 3 0
- 2 2  1 - 2 2 6 - 2 2 8 - 2 2 9 - 2  2 8
NN - 1 3 7 - 1 6 3 - 1 8 8 - 2  12 - 2 3 4
- 1 7 1 - 1 8 0 - 1 8 8 - 1 9 4 - 1 9 9
- 6 9 - 5 0 - 3 0 - 1 0 1 0
2 - 1 4 - 3 0 - 4 6 - 6 1
0 , - 1 0  , 0 0 , - 5 , 0  0 , 5 , 0
oo
 
■—io
LL + 2 7 3 + 2 80 + 2 8 7 + 2 87
± 2 9 6 ± 2 9 9 ± 2 9 9 ± 2 9 5
LM 2 1 8 1 9 6 1 4 7 1 2 1
16 3 6 7 6 9 5
LN 80 9 8 1 3 1 1 4 6
2 6 5 2 7 0 2 7 6 2 75
ML ± 4 8 1 ± 4 8 1 ± 4 8 1 ± 4 8 1
+ 4 6 8 + 4 6 8 + 4 6 8 + 4 6 8
MM 6 5 6 5 6 5 6 5
2 0 2 0 2 0 2 0
MN 8 1 8 1 8 1 8 1
1 7 9 1 7 9 1 7 9 1 7 9
NL ± 9 0 ± 6 6 ± 1 6 + 9
+ 5 1 + 2 5 ±2 7 ± 5 3
NM 2 4 6 2 6 4 2 9 4 3 0 6
- 2  35 - 2  32 - 2 2 2 - 2  1 5
NN - 2 0 5 - 1 9 7 - 1 7 7 - 1 6 5
- 7 7 - 5 4 - 6 1 8
(continued next page)
198
0i—i1oo 0,0,-5 0,0,5 oi—ioo
LL + 364 + 32 5 + 242 + 19 7
±377 ±340 ±258 ±214
LM 158 166 177 181
52 54 58 59
LN 99 107 121 127
239 257 2 89 301
ML ±424 ±454 ±504 ±523
*409 + 440 + 492 + 513
MM 94 80 50 34
30 25 15 10
M- , N - 100 91 71 60
224 20 2 155 129
NL ±41 ±4 1 ±41 ±41
±1 ±1 ±1 ±1
NM 2 80 280 2 80 280
-228 -22 8 -22 8 -228
NN -188 -188 -188 -188
- 30 -30 -30 -30
Note: For rotations about the L-axis, the first and
second rows in each pair of dipole axes refer 
to sets 1-5, 1-8, while the third and fourth
rows are for sets 1-6, 1-7. Within each pair,
the uppermost row refers to molecules of the 
first set in the interaction being stationary. 
For rotations about the M-and N-axes, the first 
row refers to sets 1-5, 1-8 and the second to
1-6, 1-7, with molecules of the first set in
the interaction being stationary.
1 9 9
I n t e r a c t i o n s b e t w e e n  s e t s 3 - 5 3 «5- S ,  3 - 7 , 3- 8 .
d i p o l e  a x e s
i t—■ o o o - 5 , 0 , 0
r o t  a t  i o n s  
0 , 0 , 0 5 , 0 , 0 i—■ o o o
L L + 306 + 306 + 306 + 306 + 306
+ 306 + 306 + 306 + 306 + 306
±30 3 ±30 3 ± 3 0 3 ± 3 0 3 ± 3 0 3
±30 3 ± 3 0 3 ± 3 0 3 ± 3 0 3 ± 3 0 3
L M - 9 4 - 7 1 - 4 7 - 2 3 2
- 4 7 - 4 7 - 4 7 - 4 7 - 4 7
- 1 7 5 - 1 6 6 - 1 5 6 - 1 4 5 - 1 3 3
- 1 5 6 - 1 5 6 - 1 5 6 - 1 5 6 - 1 5 6
L N 262 270 2 7 5 2 78 2 7 9
2 75 2 75 2 7 5 275 2 75
93 1 0 8 122 135 147
122 122 122 122 122
M L ± 4 6 1 ± 4 6 1 ± 4 6 1 ±46 1 ± 4 6 1
±453 ±459 ± 4 6 1 ± 4 6 0 ± 4 5 5
+ 472 + 472 + 472 + 472 + 472
+ 46 0 + 46 8 + 472 + 473 + 476
MM - 5  3 -  37 - 2 0 - 3 13
- 5 8 - 3 9 - 2 0 - 1 18
- 9 5 - 8 8 - 8 0 - 7 1 - 6 2
- 3 0 - 5 5 - 8 0 - 1 0 4 - 1 2 8
MN 183 187 190 1 9 1 190
194 19 3 190 185 179
79 87 94 101 107
124 110 94 78 62
N L ±4 ± 4 ± 4 ±4 ±4
±84 ±44 ±4 + 36 + 76
+ 31 + 31 + 31 + 31 * 3 1
+ 112 *72 * 3 1 ± 11 ±52
( c o n t i n u e d  n e x t  p a g e )
2 0 0
ooo1—i 1 - 5 , 0 , 0
ooo ooin 1 0 , 0 , 0
2 2 4 22 3 2 2 0 2 16 2 0 9
2 13 2 17 2 2 0 22  1 2 2 0
- 2 4 7 - 2 6 6 - 2 8 2 - 2 9  7 - 3 0 9
- 2 9 2 - 2 8 8 - 2 8 2 - 2 7 4 - 2 6 4
- 3 - 2  3 - 4 2 - 6 1 - 8 0
- 9 - 2  5 - 4 2 - 5 9 - 7 4
- 2 2 5 - 2 0 3 - 1 7 9 - 1 5 3 - 1 2  7
- 1 6 0 - 1 7 0 - 1 7 9 - 1 8 6 - 1 9 2
ooi—io oinio 0 , 5 , 0
ooi—io
LL + 3 0 1 + 3 0 5 + 3 0 5 + 3 0 2
± 2 9  3 ± 2 9 9 ± 3 0 4 ± 3 0 4
LM - 8 - 2 8 - 6 6 - 8 4
- 2 0 3 - 1 8 0 - 1 3 1 - 1 0 5
LN 2 6 3 2 70 2 77 2 7 8
89 1 0 6 1 3 7 1 5 1
ML ± 4 6 1 ± 4 6 1 ± 4 6 1 ± 4 6 1
+ 47 2 + 4 7 2 + 4 7 2 + 4 7 2
MM - 2 0 - 2 0 - 2 0 - 2 0
- 8 0 - 8 0 - 8 0 - 8 0
MN 1 9 0 1 9 0 1 9 0 1 9 0
94 9 4 9 4 9 4
NL ±5 7 ± 3 1 + 22 + 49
+ 83 + 57 + 4 ±2 3
NM 2 2 5 22 3 2 15 2 0 9
- 2  51 - 2 6 8 - 2 9  5 - 3 0 5
NN - 8 9 - 6 6 - 1 8 6
- 1 9 7 - 1 8 9 - 1 6 7 - 1 5 5
( c o n t i n u e d  n e x t  p a g e )
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0i—i1oo 0,0 , -5 inoo oi—ioo
LL + 3 81 + 345 + 265 + 22 1
±3 80 ±343 ±26 1 ±2 16
LM -43 -45 -48 -50
-140 -149 -163 -168
LN 238 2 57 290 303
104 113 130 136
ML ±401 ±433 ±486 ±507
+ 412 + 444 + 497 + 518
MM -28 -2 4 -16 -12
-106 -93 -66 -51
MN 2 34 2 13 165 139
114 105 83 72
NL ±4 ±4 ±4 ±4
+ 31 + 31 + 31 + 31
NM 220 220 220 220
-2 82 -2 82 -282 -282
NN -42 -42 -42 -42
-179 -179 -179 -179
Note: For rotations about the L-axis , the first and
second rows in each pair of dipole axes refer 
to sets 3-5, 3-8 while the third and fourth
rows are for sets 3-6, 3-7. Within each
pair, the uppermost row refers to molecules 
of the first set in the interaction being 
stationary. For rotations about the M-and N- 
axes, the first row refers to sets 3-5, 3-8 
and the second to 3-6, 3-7 with molecules of 
the first set in the interaction being 
s tationary.
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APPENDIX 4
TABLE OF DIPOLE-DIPOLE INTERACTIONS 
IN CRYSTALLINE ACENAPHTHENE
The sums are between sets of trans 1ationally 
equivalent molecules (numbered as in figure 2.3). The 
first dipole axis refers to molecules in the first set 
of each interaction. The summation radius is 40&.
Sums of dipole-dip ole interactions (om~^A~^)
dipole axes 
LL 
LM 
LN 
MM 
MN 
NN
LL
LM
LN
MM
MN
NN
LL
LM
LN
ML
MM
MN
NL
NM
NN
set 1 - set 1
-1126 
0 
0
25 7 
0
869
set 3 - set 3 
- 1126 
0 
0
730
257
39 7
set 1 - set 3 
1194 
0 
0 
0
-337 
-42 1 
0
628 
-23 3
set 1 - set 2 
3596 
0 
0
-788
0
2807
set 3 - set 4 
2918 
0 
0
358
1224
-1230
set 1 - set 4 
-1053 
0 
0 
0
194
-570
0
-355 
- 306
2 0  3
Sums o f  s q u a r e s  o f  d i p o l e - d i p o l e  i n t e r a c t i o n s
0 - 4
A q )
, n n - 6 - 2  (10 am
d i p o l e  a x e s s e t  1 -  s e t  1 s e t  1 -  s e t
LL 0 . 3 3 2 0 2 3 . 9 4 9 7 9
LM 0 . 0 1 3 4 4 0 . 0 1 3 9 6
LN 0 . 0 1 3 7 4 0 . 0 1 3 9 7
MM 0 . 5 4 3 6 0 0 . 4 2 0 6 3
MN 0 . 0 7 6 3 2 7 . 6 5 1 2  8
NN 0 . 8 4 6 5 1 3 . 9 1 3 6 2
s e t  3 -  s e t  3 s e t  3 -  s e t
LL 0 . 3 3 2 0 2 1 . 9 9 1 8 7
LM 0 . 0 1 3 6 7 0 . 0 1 4 0 1
LN 0 . 0 1 3 5 1 0 . 0 1 4 1 5
MM 0 . 4 0 0 4 1 0 . 0 9 1 0 8
MN 0 . 4 5 3 4 1 4 . 6 4 4 5 0
NN 0 . 2  3 5 5 7 0 . 4 6 8 2 1
s e t  1 -  s e t  3 s e t  1 -  s e t
LL 0 . 4 0 2 3 0 0 . 3 1 3 4 4
LM 0 . 1 2 0 3 6 0 . 3 4 9 6 6
LN 0 . 3 4 8 7 3 0 . 1 2 2 5 7
ML 0 . 3 0 5 2 6 0 . 1 6 8 3 0
MM 0 . 0 8 4 6 8 0 . 0 5 6 2 0
MN 0 . 0 7 3 9 9 0 . 1 7 4 7 6
NL 0 . 1 6 3 8 4 0 . 3 0 3 9 4
NM 0 . 1 9 1 5 3 0 . 0 6 1 3 0
N-N 0 . 0 5 8 0 3 0 . 0 8 4 0 8
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A P P EN DI X 5
CALCULATIONS OF I N T E R M O L E C U L A R  I N T E R ­
ACTIONS USING THE A T O M - A T O M  ME THOD
The coordinate t r a n s f ormations and basic p r o ­
grammi ng details for this type of c a l c u lation have been 
adequately described by Robey (1970) - only details
pe cu li ar  to the present studies are m e n t i o n e d  in this 
thesis .
Both acenaphthylene and a cenaphthene possess 
cr ys tal lographically distinct sets of molecules, so that 
for the calculation of the lattice energy as a function 
of small rotations of molecules about the L-, M- and 
N-axes, the contributions from each c r y s t a l l o g r a p h i c  
species are evaluated separately. In addition, as the 
cry st al lo graphic species are u n r e l a t e d  by symmetry, 
m o l ec ul ar  displacements that preserve the space group 
symmet ry are considered for only one species at a time, 
the orientations of the other species taking the values 
de te rmi ned experimentally for the crystal structure.
For each species fourteen nearest n e i g h b o u r  molecules 
are included in the calculation giving all atom-atom 
contacts less than 6 & . Interactions for larger i n t e r ­
atomic distances are regarded as neg l i g i b l e  as the e x ­
po nen tia l and inverse sixth terms for the i n t e r a c t i o n  
po ten tia l fall off rapidly with distance. Thus the 
lattice energy of acenaphthylene is
U (A5 . 1)
2 0 5  .
w h e r e  E ^ ,  E ß a n d  E a r e  t h e  i n t e r a c t i o n  e n e r g i e s  f o r  a 
m o l e c u l e  o f  t h e  c r y s t a l l o g r a p h i c  s p e c i e s  A,  B a n d  C 
r e s p e c t i v e l y  w i t h  t h e  s u r r o u n d i n g  n e a r e s t  n e i g h b o u r  
m o l e c u l e s .
T h e  c o e f f i c i e n t s  o f  t h e  i n t e r a c t i o n  p o t e n t i a l  ( 3 . 1 0 )
— 6
V ( r )  = a r  + b e x p  ( - c r )  
u s e d  i n  c a l c u l a t i o n s  i n  t h i s  t h e s i s  a r e :
a b c
f
a r o m a t i c - a r o m a t i c
C- C - 5  35 7 4 , 4 6 0 - 3 . 6 0
C- H - 1  39 1 0 , 5 3 0 - 3 . 6 7
H- H - 3 6 5 , 0 1 0 - 3 . 7 4
11a l i p h a t i c - a l i p h a t i c
C- C - 2 9 8 2 3 7 , 0 0 0 - 4 . 3 2
C-H - 1 2 1 3 1 , 4 0 0 - 4 . 2 0
H- H - 4 9 6 , 6 0 0
0001
+Ra e  a n d  M a s o n  ( 1 9 6 8 )  .
t  i De C o e n  ej t  a l  . ( 1 9 6 7 )  .
g 6 -  1
T h e  u n i t s  o f  a ,  b a n d  c a r e  A k c a l . m o l e  , k c a l . m o l e  
a n d  A 1 r e s p e c t i v e l y .
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APPENDIX 6
EXPERIMENTAL DETERMINATION OF THE 
SECOND MOMENT
In order to obtain a good signal-to-noise ratio, 
the nuclear magnetic resonance spectrum was recorded as 
the first derivative using phase-sensitive detection. 
The normalised second moment was computed from the 
first derivative of the absorption line by the relation
A short program was written to evaluate the integrals
by numerical integration (using Simpson's Rule). Input
data consisted of a tabulation of the values of the
dgfirst derivative, , as a function of equally spaced
intervals of the argument, h, which was chosen to be 
zero at the point corresponding to the maximum value 
of g(h). From this, the appropriate functions to be 
integrated were calculated and evaluated using the 
subroutine QSF from the IBM Scientific Subroutines 
Package .
Generally, the amplitude of the field modulation 
sweep employed in measurements was sufficiently large 
to require a correction to the second moment owing to 
spurious broadening of the lineshape. This correction
has been given by Andrew ( 19 53) :
207 .
S = S ' -  hh (A6 .2)2 2 m
where is the corrected value of the second moment,
S ' the measured value and h the amplitude of the 2 m
modulation field, which was calibrated in the following
manner. The voltage induced in a coil containing a large
number of turns is directly proportional to the modulation
amplitude. Relative values of h were evaluated over them
entire range of dial settings and were found to be inde­
pendent of the modulation frequency. The absolute 
values (for a modulation frequency of 20 Hz) were ob­
tained from the peak-to-peak separation (in gauss) at 
large modulation amplitudes of the narrow line H^O 
resonance displayed on an oscilloscope.
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A P P E N D I X  7
T H E O R E T I C A L  CALCULATION OF THE 
S E COND MOMENT
For a rigid lattice, the second moment is given 
by (4.17)
S . = 716.21 x N. 1 Z r
2 ° j>k 3k
e v a l ua ti on requiring the summation over all pairs of 
prot ons  in the crystal. Taking into account the r e g ­
ular ity  of the lattice and the inverse sixth dependence  
of S 2 on r, the pr o b l e m  reduces to a summation over all 
in te rp rot on distances less than öR for a molecule of 
each c r y s t a llographic set in acenaphthylene. We can 
thus use, with only slight modification, the p r o gram 
des cr ib ed  in Appendix 5 for the calculation of the 
attractive contribution to the lattice energy of 
a c e n a p h t h y l e n e .
However, for the case where mol e c u l a r  reorientation 
takes place, the evaluation of the i n t e r m o 1ecular c o n ­
trib uti on (Andrew and Eades, 1953b) is more complicated. 
For mo l e c u l a r  r eorientation about a n-fold potential 
barrier, there are n 2 combinations of positions c o r r e s ­
po n d i n g  to a pair of nuclei j,k on d i f ferent molecules. 
If the in t e r m o l e c u l a r  distance for a given position is 
given by
(x + y hr ( A 7 . 1)
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then, for a polycrystalline sample, the second mo ment 
is given by (4.14) , substituting the expression CA7.2) 
f o r U .. 2 :
(U )
5 n
/ 2 2 2 5 2- ( A  + D + F + -  G \ 3 / 2  _ 2 2 \/ + ” (B + C + E )
whe re
5 n
( a d  + AF + D F ) - G (A + D + F) (A7.2)
v 2 " 3E ri r
s
E 2n ß -3
E 2 an 3r 3 , s
2 - 3 E ß r
s
2 -3E 2 aß r s
2 2 - 3E a ß r s
E r 
s
- 3
the summations being over all n combinations (s)
of pair positions;
and
Zx (i4)
Modifications were made to the p r o g r a m  w r i t t e n
for the rigid lattice case so that (A7.2) was e v a luated
2for all n combinations of each proton pair.
2 10 .
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ACENAPHTHYLENE IN ACENAPHTHENE: IDENTIFICATION OF TWO IMPURITY SITES
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A novel type of impurity spectrum involving guests at two crystallographically inequivalent sites is described in 
the system of acenaphthylene in acenaphthene. With the help of easily distinguishable polarisations, the spectra can 
be assigned to particular site types.
The fact that different local lattice conditions in 
mixed crystals are associated with different guest 
spectra (e.g., as seen in site splittings) was first found 
by Solov’ov [1] and has since been explored and 
established, especially by Hochstrasser and colleagues 
[2]. There is a particular interest in possible cases in 
which the host crystal has crystallographically in­
equivalent sites, so that rather large differences in 
guest spectra plight be looked for, even where the 
guest fitted iifto the host lattice with a minimum of 
disturbance tp the lattice structure. We report,an 
example, which we think is the first, of this kjnd.
The mixed crystal is acenaphthylene in acenaphthene, 
for which the guest and host have closely sinjilar 
shape and size; the ideal of a simple substitution of 
host by guest without disturbance to the lattice, 
should be closely realised.
Acenaphthene crystal (Pcm 2|, 4 molecules per 
cell) has two crystallographically inequivalertf' sets of 
molecules J3]. The direction cosines of the L axis, 
the M  axis (coinciding with the twofold molecular 
axis) and the N  axis (normal to the molecular plane) 
in the (a, b, c) crystal axis system are given in table 1. 
Molecules 1 and II belong to one crystallographically 
equivalent pair, and III and IV to the second. In the 
first pair, molecular and crystal axes coincide; in the 
second the L and b axes only coincide. The spectral 
interpretation is thus simplified. Moreover since the 
lowest host transition is =»1.22 eV above that of the 
guest coupling of host and guest transitions should be 
small.
Table 1
Molecular
type
Molecular
axes
Crystal axes 
a b c
i 0.0000 - 1.0000 0.0000
I, II M 1.0000 0.0000 0.0000
N 0.0000 0.0000 1.0000
L 0.0000 - 1.0000 0.0000
III, IV M 0.4774 0.0000 0.8787
N -0.8787 0.0000 0.4774
The mixed crystal absorption spectrum previously 
measured by Brec at 6°K [4] and Gordon at 77°K [5] 
was recorded at 4.2°K at an acenaphthylene concen­
tration of 10~3 mole ratio with a Jarrell-Ash 3.4 m 
spectrograph. Both ac and be face spectra were ob­
tained. The mixed crystal fluorescence (4.2°K) has 
also been measured.
Two strong lines at 21092 and 21200 cm-1 are 
100 percent b-polarised in the crystal and therefore 
L-polarised in the molecules. Each is the origin for 
similar vibrational structure, but with significant small 
points of difference largely explicable with the inter­
pretation to follow. The earlier suggestion [4] that 
the 21200 cm-1 line involves an 108 cm-1 fundamen­
tal built on the origin 21092 cm-1 is untenable in 
the light of the fluorescence spectrum at 4.2°K, which 
shows both lines in emission with roughly the same 
relative intensities as in absorption. They are there­
fore independent origins. The evidence that they 
record transitions in molecules at crystallographically
577
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inequivalent sites relies on the fact that while all 
molecules have their L axes parallel to the b crystal 
axis, those of molecular type I, II (table 1) have the 
M and N  axes parallel to the a and c axes respectively, 
while in the type 111, IV molecules the M and N  axes 
project on to both crystal axes. Thus, for example, 
an ^/-polarised transition in type 1, II should be unique­
ly fl-polariscd, but in type III, IV will have a and c 
components, with polarisation ratio c/a = 3.4. Thus 
the distinction between molecules at different sites 
can be made, in principle, with the help of rW-polarised 
transitions. Since the pure electronic spectrum is/,- 
polarised, we look for lines built on false origins, 
differing by symmetry b2 from the electronic origins 
at 21092 and 21200 cm-1 . Several such origins have 
been found of which the best example, giving relative­
ly strong transitions, depends on the upper state b2 
mode of frequency 454 cm- *. We find at the fre­
quency 21546 cm-1 lines in the c- and a-polarised 
spectra with polarisation ratio c/a =  4. The absorbing 
molecules are therefore at sites of type III, IV and the 
corresponding electronic origin.at 21092 = 21546 — 
454 cm-1 belongs to molecules located at sites of 
this type. On the other hand at frequency 21655 = 
21200 + 455 cm-1 the spectral line has pure a-polari- 
sation, showing that the absorbing molecules are at 
sites of type 1, II. Similar behaviour is found for other 
b2 upper state modes, notably 1345 cm- *.;
Since the origin bands are purely ^-polarised, and 
interactions between guests negligible at this concen­
tration the ratio of origin band intensities should be 
nearly equal to the ratio of molecules occupying the 
two site types. On this basis, the sites type 1(1, IV are 
about 4.4 times more populated than sites (ype I, II. 
With the lyelp of Gordon’s [5] measurement of the 
vapour spectrum of acenaphthylene we find that the 
depression of the transition energy in the mixed 
crystal is 562 cm- * (sites type I, II) and 670 cm- * 
(sites type III, IV), the greater depression being found 
for the more populated site, suggesting that the ground 
state stabilisation is also greater at this site.
The excited state vibration frequencies for guest 
molecules at the two sites are, generally speaking, the 
same within our experimental error. There is, however, 
some evidence for variations in the intensities of 
fundamentals based on the two origins.
This example belongs to a new class in which the 
splitting arises from crystallographically inequivalent 
sites occupied by a given guest, and is a reflection of 
the effect on the guest of different crystal fields. It is 
to be distinguished from another case already recog­
nized [6, 7]: in this there is only one crystallographic 
set, implying a unique site type and local field. Where 
this site possesses one or more elements of symmetry 
there may be distinct guest orientations, each being 
substitutional, in which the guest may be placed on 
the site. Thus if the site has inversion symmetry (as 
in durene host), it may be occupied in two ways by 
certain guests (e.g., 1-5 disubstituted naphthalenes) 
or in only one by others (e.g., 2-3 disubstituted 
naphthalenes). In the former, if both substitutional 
orientations are sufficiently populated, larger splittings 
could be looked for than in the latter, for which the 
only effects come from a minor misorientation about 
a single substitutional location. In the acenaphthylene/ 
acenaphthene system the III, IV origin at 21092 cm- * 
shows a small splitting of about 2 cm- *, which we 
assign to a mis-alignment of this type.
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